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ABSTRACT 
High sliding friction between plastic parts and mold cavity surfaces is 
the main cause for difficulties encountered in the ejection phase of the 
injection molding process and, in many cases, associated with costly 
damages. 
In other hand, the unique "non-sticking" behavior and hardness of 
quasicrystal coatings are currently being exploited as frying-pan surfaces. 
The high hardness of coating, which typically is in range of 7.5 to 9.0 GPa, 
resists abrasion by glass fibers. Non-sticking behavior of this new class of 
materials which theoretically has been related to their low surface tension, 
should also offer lower coefficient of adhesion friction to the plastic 
materials during the ejection phase of the process. Therefore, to bring these 
findings, from the theoretical point of view to technological applications, it 
is necessary to continue to examine the physical properties of quasicrystals 
through proper experimental designs. The main objective of this research 
was to reduce the coefficient of adhesive friction through the development 
of a process to deposit plasma-sprayed quasicrystalline coating on surfaces 
of injection molding die cavities. The effects of cavity depths and draft 
angle on ejection forces required in the coated and uncoated molds for part 
release were also examined. 
Two molds were designed and manufactured for this purpose and 
five polymers (PP, ABS, PET, PS, and PU) were used to conduct the 
experiments. Cavity depths were 0.3", 0.6", and 0.9", without and with a 3° 
draft angle. 
Two methods for ejection pressure measurements were utilized: (a) the 
machine controller was programmed at an appropriate value to detect the 
minimal pressure required to eject the molded part from the cavity; and (b) a 
pressure transducer was used to detect the ejection force. The ejection force 
values obtained in experimental procedures using pressure transducer can 
quantitatively represent the real amount of force exerted on the ejector pin. 
Quasicrystallie coating reduced the forces from 20 to 24 percent. A 3° draft 
angle resulted in reducing the ejection forces nearly 35 percent. This figure 
indicates the significance of draft angle in injection molding process. By 
reducing cavity depths from 0.9" to 0.6" approximately 43 percent and from 
0.9" to 0.3", approximately 57 percent decrease in ejection forces were 
recorded. This decrease is mainly due and proportional to the decrease in the 
contact area between plastic and mold material and due to the vacuum forces 
resulted from the air trapped in the cavity as well. 
A friction test was also carried out to measure the coefficients of friction 
of qusicrystalline coating and uncoated mold materials. The coefficients of 
friction measured for the three samples were 0.46 to 0.51 for steel, 0.31 to 
0.35 for AI, and 0.21 to 0.24 for quasicrystalline coating. In addition to the 
experimental results from injection molding trials which clearly demonstrated 
the effect of coating on friction forces, friction tests also verified that, 
xiii 
compared to other conventional mold materials, quasicrystals have lower 
coefficient of friction. 
I 
CHAPTER 1. INTRODUCTION 
Objective 
The primary objective of this research was to minimize the ejection 
forces required to remove a solidified plastic part from a mold cavity in the 
injection molding process. High sliding friction between plastic parts and 
mold cavity surfaces is the main cause for difficulties encountered in the 
ejection phase of the process and, in many cases, associated with costly 
damages. Studies exploring different approaches have offered numerous 
solutions to this problem via reducing the coefficient of sliding friction. The 
most common approaches suggested to resolve this problem have been 
through: 
• Optimizing processing parameters that affect the ejection phase of the 
process; 
• Using polymers produced with low coefficients of adhesion friction; 
• Appropriate design of the ejection system; 
• Selecting mold materials with lower coefficients of friction: 
• Manufacturing parts with smaller cavity depths; 
• Machining mold cavities with pre selected draft angles: 
• Polishing mold cavity surfaces; and 
• Spraying temporary release agents on cavity surfaces. 
In some cases, because of cost or production requirements, using 
polymers with lower coefficients of adhesive friction, selecting molds with 
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smaller cavity depths, or machining mold cavities with pre selected draft 
angles are not viable options. In most situations, selecting appropriate 
processing parameters, polishing cavity surfaces, designing an ejection 
system with optimum performance, and spraying the mold with release agents 
are methods utilized concurrently to minimize damage due to undesirable 
friction. Despite much progress in the area, confounding phenomena (part 
sticking) still exists. The main objective of this research was to reduce the 
coefficient of adhesive friction through the development of a process to 
deposit plasma-sprayed quasicrystalline coating on cavity surfaces of 
injection molding dies. The effects of cavity depths and draft angle on 
ejection forces required in the coated and uncoated molds for part release 
were also examined. 
Injection Molding 
The two major processing methods used to manufacture many different 
types of plastic products are injection molding and extrusion. Injection 
molding is advantageous because molded parts can be manufactured 
economically and in large quantities. Approximately 32% by weight of all 
plastic parts are processed by the injection molding [1]. In most cases, the 
more complex and irregular the part is, the more likely injection molding 
will be used as the mass production method. Through the injection molding 
process intricate parts can be produced with little or practically no secondary 
finishing operations. The desired color and surface finish can often be 
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applied directly to plastic parts. The two types of colorants most widely used 
for this purpose are dyes and pigments. A dye is an organic-based colorant 
soluble in resins. Pigments are dispersed as discrete particles throughout a 
resin. They could be either inorganic or organic compounds [2]. Required 
surface finish can also be obtained through machining and polishing 
processes applied to the surface of the mold. 
In addition to using the injection molding process to produce a wide 
variety of parts, the plastics industry also employs powder Metal Injection 
Molding (PIM) in the fabrication of complex-shaped, low-cost, and high 
performance components. PIM is gaining rapid acceptance as a relatively 
modern technique that consists of mixing fine ceramic or metallic powders 
with a 10% mixture of waxed and thermoplastic binders. This powder/binder 
mixture can be injection-molded before solidification to produce ceramic or 
metallic parts to near net-shape configurations [3, 4]. After ejection of the 
part, the process continues with removal of the binder, followed by sintering 
of the part during which time the molten mixture consolidates. 
In injection molding, first the plastic material is melted in a cylinder 
by heat and mechanical action. Next it is pushed into a mold by a relatively 
high pressure. The temperature is lowered in the mold by a cooling system. 
Finally, the plastic part is removed from the mold cavity by an ejection 
system. 
In addition to manual and semi-automatic modes of operation, the 
process is also operated automatically so that a uniform and low cost part is 
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produced with each cycle. An injection-molding machine consists of a 
number of stationary and movable components that can be operated by the 
use of a control panel. These components are depicted in Figure 1.1. 
Hopper Stationary 
Mold 
Movable 
Mold 
Display and 
/ Keypad 
< Control Panel Main Switch 
Figure 1.1 Injection-molding components 
Like many other processes, the objective of the injection-molding 
operation is to produce a high-quality part at low cost. This goal can be 
achieved with a properly designed mold used in a controlled injection 
molding process [5]. Thus, all of the factors affecting the quality and cost of 
the final product must be taken into account. The initial design of the mold 
and the selection of the mold material are both critical to offset high initial 
costs. 
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The mold must be designed to enable four major tasks to be completed 
[6]. First, a runner system must transfer the melt from the plasticizing unit to 
the mold cavity. In situations wherein the mold has multi-cavities with 
different sizes, a gate system is incorporated. A gate is a channel or orifice 
connecting the runner with the mold impression. Second, the molten plastic 
must be formed into the designed geometric configuration. In order to 
prevent part imperfection, especially where there are deep cavities, it is 
desirable to equip both the cavities and the runners with a vent system. The 
vent system allows the air that is trapped in the cavities to escape when the 
molten material is injected. The temperature of the mold plates is controlled 
by a cooling system wherein appropriate channels are machined into the mold 
halves. A coolant such as water circulates through these channels to enable 
the plastic to change from a fluid to a solid state by transfer of heat from the 
material injected into a mold. This stage of the process enables the molded 
product to become rigid enough to be removed from the cavity. Finally, when 
the cycle of operation is completed and the mold is opened, an ejection 
system is employed to separate the product from the cavity. 
Other mold functions include the accommodation of forces, and 
transmission of motion and guidance of the mold components. In order to 
accomplish an injection-molding operation efficiently to produce a product 
with the anticipated properties and without undue maintenance, each stage of 
the molding cycle must function properly. Many factors affecting the quality 
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and cost of the final product must be optimized, such as mold material 
selection, mold and part design and process parameters. 
As mentioned previously, the final phase of injection-molding process 
is the removal of the part from the mold cavity. The successful release of the 
plastic part from the mold is a key factor in the injection-molding process. 
Attempts have been made to consider the release of the part from the cavity 
from the point of view of kinematics of mold-component movement. Several 
influencing factors and their interrelationships affecting the release of a 
plastic part from mold cavities have been identified and discussed [7], 
Research studies have resulted in the introduction of various ejection systems 
available in the marketplace, methods for monitoring the ejection process, 
and estimations of required forces (as compare to calculations of produced 
forces). Various release agents to reduce the force of releasing the product 
from mold cavity and to minimize the undesirable effect of these forces on 
quality of the part or damage to the mold have also been developed. The 
required ejection force can be estimated using equation [8]: 
P  =  [ 8 t x E x A x p ] / d [ d / 2 t - ( d / 4 t ) x n J  
Where 
P = ejection force (KN) 
5t = thermal relationship of plastic across diameter of projection cavity 
(St = coefficient of expansion of polymer x d x AT, where AT = plastic 
softening temperature -mold temperature) 
E = elastic modulus of polymer (N/cm**2) 
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A = total surface area in contact with plastic part and mold face in the 
line of draw (cm) 
M = coefficient of friction of plastic on mold material 
d = diameter of circle of circumference equal to perimeter of the part 
(cm) 
t = thickness of the plastic product (cm) 
H = Poisson s ratio 
The theoretical ejection forces estimated using different equations derived 
for this purpose usually differ from those of the experimental results. The 
degree of such variation is partly related to the variety of interdependent 
factors affecting these forces, multiplicity of geometry factors, and the need 
for changing processing parameters during the operation. Another reason may 
be due to the vacuum force generated during the ejection phase and its effect 
on the plastic material used in the process. With good estimation of the 
required forces, many catastrophic damages caused by excessive forces can 
be avoided. 
Despite attempts to reduce the forces interacting between the part and 
the mold surface and continue with a smooth transmission from one cycle to 
the next, the ejection of the part from the mold is still a major problem in 
injection-molding processes. 
A thorough search of Iowa-based companies who are involved in some 
form of molding operations is provided in Appendix A. This search reflects 
the magnitude and diversity of companies in the state of Iowa that might 
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readily benefit from the results of this study of ejection forces in the 
injection-molding process. A similar concern may exist in other states and 
places. 
Ejection Forces 
The force produced after the mold has opened to separate the finished 
part from the mold core is called the "ejection force". This force is affected 
by many factors including part and mold material selection, part design, 
processing parameters such as pressure profile, part temperature, melt 
temperature, and mold temperature. Mold design variables such as draft angle 
and surface finish (surface roughness) greatly influence part ejection as well. 
Forces transmitted from the ejection system to the part in the cavity to be 
ejected, may be divided into the forces due to shrinkage, jamming and finally 
those due to sticking. These forces can be superimposed by the vacuum 
forces produced between plastic part and the bottom of the mold cavity 
during injection phase. They can also take place together in different 
combinations. 
The applied normal forces in the ejection process can be transformed 
into surface pressures via friction surfaces. Normally, the surface pressures 
are governed by two different mechanisms namely the pressure profile during 
the injection phase of the process and the cooling process. Therefore, based 
upon these two different causes, different approaches need to be employed 
for reducing the forces. 
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Residual pressure between two mold halves can cause mold opening 
forces to increase. This may result in part of the plastic part become jammed 
in one of the mold halves. The surface pressure governed by this mechanism 
can not be calculated but it can be minimized by appropriate mold and 
product design. For the surface pressure governed by cooling process, there 
are various formulas to predetermine the ejection forces. The basic condition 
used in this technique is to determine the prevented shrinkage by mold 
elements onto which the plastic compound shrinks at the ejection period [9], 
The data provided in Table 1.1 shows the means of reducing ejection 
forces due to rib jamming and core shrinkage [10]. The extent and direction 
of influence are also given in this table. The numbers 0, 1,2, and 3 represent 
a non-present, slight, medium, or strong extent of influence, respectively. 
These forces must be a close approximation of the actual force, otherwise 
mechanical defects will result in: (a) mold rejection due to insufficient 
forces; (b) breaking or buckling of the ejection pins; (c) deep, visible 
ejection pin marks on the contact area of the ejector pins with the part: (d) 
increased internal stresses in the part; and/or (e) adherence of the part to the 
stationary part of the mold. If the dimensions producing force and friction on 
the surfaces remain constant, the required ejection force will be a function of 
the contact pressure and the coefficient of friction between the sliding plastic 
part in the mold and the cavity walls [11]. 
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Table 1.1 Means of reducing ejection forces 
(Welling, 1981, p. 254) 
Influencing 
factor 
Extent of 
influence 
Change ir 
core 
shrinkage 
direction 
rib 
jemming 
Comments 
Cooling time 3 
1 
Mean demoulding 
temperature 
*E 
3 
Core wall 
temperature 
3 
• * 
»E e const. 
3 
t i 
= const. 
Cavity wall 
temperature 
*WN 
3 • • *E • const. 
3 
t 1 
t< » const. 
Melt 
temperature 
*M 
0 - 1  
Injection 
pressure 
1 
Injection 
speed 
VE 
1 -2 t% • const. 
Holding 
pressure 
PN 
2 - 3  IK « const, 
and 
* const. 
Holding pressure 
time 
*N 
0 - 1  t< • const. 
Ejector 
speed 
vAus 
1 -3 
' 
t|C * const, 
and 
»E " const. 
Release agent 3 1 
more effective with 
long cooling times 
1 = slight; 2 = medium; 3 * strong 
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In contrast to other forms of sliding friction and relating problems, 
coefficient of adhesive friction is the key factor in part release for plastic 
and cavity surfaces in contact. Table 1.2 summarizes the various factors 
influencing the coefficient of adhesive friction [9 and 10]. The intensity and 
direction of the effect of each parameter on the coefficient of friction are 
presented in the table. The roughness of the mold cavity surfaces, release 
agent, surface pressure, and holding pressure, have the greatest influence on 
coefficient of adhesive friction. When compared to the effect of surface 
roughness or release agents, some parameters such as melting temperature 
and ejection speed do not exhibit a significant effect on adhesive friction. 
With the exception of release agents and surface roughness, each factor 
influencing the coefficient of adhesive friction in Table 1.2 is a processing 
parameter. First, in order to reduce the coefficient of friction, as many 
processing parameters as possible must be controlled to appropriate values 
by applying guidelines provided by manufacturers and information available 
in injection molding and plastic materials' handbooks. There are more than 
100 parameters to be controlled during the injection-molding process [12]. 
Each parameter is affected by and affects other processing parameters, and 
changing one parameter may have a considerable effect on the others. 
TableB.l in Appendix B contains the list of processing parameters in the 
injection molding machine BOY 30M used in this study. 
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Table 1.2 Factors influencing the coefficient of adhesive 
friction (Welling, 1981, p. 246) 
Influencing 
factor 
Extent of 
influence 
Change in 
direction 
Comments 
FE (rib) M 
Surface pressure 1 >30% 1 1 damage to moulding surface by micro-cracks 
Ejector speed 1 <10% 1 
Cooling time 1 <30% 1 slight damage of moulding surface by micro-cracks 
Mean demoulding 
temperature 
<30% 1 1 slight damage of moulding surface by micro-cracks 
Cavity «wall 
temperature 
10-40% 1 1 major shrinkage, slight damage, low coefficient of friction 
Melt temperature <10% II II 
Injection pressure <30% 1 
Molding pressure >30% major shrinkage, slight 
damage, low m 
Injection speed <30% 
Release agent >30% 
1 reduction of adhesion and smearing, low jt 
surface roughness >30% less damage to moulding 
surface through 
surface peaks 
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Understanding these parameters and their interrelationships, which 
have been detailed within the confines of the four major categories, is 
essential to fulfill the requirements of efficiency and economy of 
manufacturing. These parameters can be grouped into four categories 
according to their order of importance: (1) temperature, (2) pressure, (3) 
time, and (4) distance. 
After controlling the appropriate process parameters to produce a 
quality plastic product, it might be necessary to modify the parameters by 
trial and error and educated guesses. Combination of knowledge and 
experience of the operator catalyzes the process of modifying contributing 
parameters. As shown in Table 1.2, in addition to processing parameters, 
other factors influence the adhesive coefficient of friction, such as release 
agents and surface roughness and, thus, the ejection force. In the early stage 
of mold design and mold material selection, the factors affecting the ejection 
forces required to release the part include rigidity, cooling, mechanical 
properties, thermal properties, friction properties, and surface condition of 
the mold material. 
Quasicrystalllnc Materials 
Quasicrystalls have been shown to be extremely hard and to possess 
interesting "non-sticking" behavior. Indentation hardness values of 950 
kg/mm**2 (9.3 GPa) from Al-Cu-Fe quasicrytstal have been reported [13]. 
For comparison, hardness values for steels range from 1.8 to 7.7 GPa [14]. 
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Typical coefficient of friction during scratch testing of sintered, massive 
Al-Cu-Fe quasicrystal specimens with hard steel indenters have been 
reported in the range of 0.08 - 0.15. For quasicrystalline coatings which 
always have more porosity (10 to 15 %) than the bulk form, the coefficients 
of friction are between 0.12 and 0.20 [15]. A combination of these two 
characteristics defines the ideal injection- molding die cavity surface. 
The development of quasicrystal coatings as "permanent" mold-release 
surfaces will benefit the injection-molding industry by reducing costs 
associated with continuously applied (e.g., silicone) mold releases or mold 
coatings with a short life (e.g., teflon). In addition, since the quality of the 
components is often compromised by the incorporation of mold release 
compounds into the parts during injection molding, the permanency of 
quasicrystal coatings can lead to improved component quality. An additional 
potential benefit of plasma-sprayed quasicrystal coatings is the re-tooling of 
used molds. Mold cavities often lose their dimensional tolerances after 
extended use. Quasicrystal powder could conceivably be sprayed onto worn 
surfaces and then machined to recreate the original mold dimensions. This 
would likely be a desirable low cost alternative to replacing an entire mold, 
which could cost well over $100,000. 
A substantial amount of effort within Ames Laboratory has been 
directed toward the synthesis, processing and characterization of quasicrystal 
powders and coatings. Studies directed towards plasma sprayed coatings have 
been supported by the U.S. Department of Energy and by the State of Iowa 
15 
through Iowa State University (ISU), and the Institution for Physical 
Research and Technology (IPRT), and the Center for Advanced Technology 
Development (CATD). Ongoing work with CATD has helped to develop 
processing know-how to better understand how plasma-spraying parameters 
control coating microstructure and wear properties. These results are directly 
applicable to forming desired coating structures for mold surfaces. 
The unique "non-sticking" behavior and hardness of quasicrystal 
coatings are currently being exploited as frying-pan surfaces [16]. The 
hardness properties of these materials are relatively straightforward to 
understand. The atomic structure of a quasicrystalline lattice precludes 
normal movement or dislocation [17]. On the other hand, it is not obvious 
why foods such as eggs do not stick to a quasicrystalline surface like they do 
to a crystalline iron or an aluminum surface. 
Sticking is related to wetting, and what wets normally sticks. In 
principle, the wetting of a solid surface by a liquid is likely to occur when 
the surface tension of the solid is high. Several possibilities have been 
suggested to explain why quasicrystals have a low surface tension and, 
therefore, "non-sticking" behavior [18]. These include micro-structural 
features (e.g., surface roughness and grain size) and atomic electronic 
structures. The former characteristics are dependent upon the specific 
application. Frying pan surfaces have a certain degree of roughness, which 
may contribute to their "non-sticking" behavior. Injection molding die 
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cavities often have textured surface finishes, too (e.g., the orange peel 
texture of computer enclosures). 
Unlike most cookware, however, mold cavities are most often polished 
to very smooth surface finishes. Why would a quasicrystalline surface have a 
different "non-sticking" behavior than ordinary metal in these situations? As 
mentioned previously, the argument also considers the contribution of the 
electronic structure of a material to total surface tension [18]. Unlike most 
transition metals, quasicrystals have a pseudo-gap at the Fermi level, which 
continues all the way to the surface of the material. This helps to establish a 
low surface tension, which favors non-wetting behavior in the presence of a 
liquid. Therefore, for a comparable surface finish and grain size, a 
quasicrystalline material would be expected to exhibit a more desirable "non-
sticking" behavior than a traditional metal. 
The surface tension of traditional metals can be effectively reduced by 
mold releases and other coatings, as discussed previously, but these need to be 
continually re-applied and can become incorporated into a part during molding. 
Failure of semi-permanent mold releases (e.g.. teflon) is greatly accelerated 
during the injection molding of abrasive materials such as glass-reinforced 
polymers. The hardness of quasicrystal coatings have been shown to exceed 800 
HV. which is higher than the hardness of a typical glass fiber reinforcement. 
Therefore, the use of quasicrystal coatings offers a tremendous potential benefit 
to reduce abrasive wear of mold cavities and components and to reduce ejection 
forces. 
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Plasma Spray Deposition Processes 
The plasma arc spraying (PAS) technique was used throughout the 
course of this study to coat mold surfaces with quasicrystalline material, 
Al-Cu-Fe. The PAS technique is a member of a family of techniques called 
thermal spraying. Thermal sprayings are regarded as thick film coatings, in 
which the thickness of deposition ranges from about 50 |im to several 
millimeters. In the thermal spraying technique, a feedstock of either wire or 
powder is melted by a heat source. Gas pressure propels the molten droplets 
toward the substrate. The droplets spread out and rapidly solidify when they 
strike the substrate. After solidification they form a splat, and a coating is 
formed when these splats interlock. In PAS, an electric arc is used to ionize 
the gas. The gas behaves both as a propellant and a heat source. 
Figure 1.2 shows a schematic representation of a typical plasma gun. A 
high-frequency pulse begins the plasma flow by creating a plasma arc 
between the anode (front nozzle), and a tungsten cathode. When continuously 
supplied to the plasma gun, new arc gas (e.g., argon or nitrogen with 
hydrogen) stabilizes the core pressure of this arc which, in turn, initiates the 
breakdown of the dielectric gas into electrons and ions. The movement of 
these particles to the positive and negative electrode and their interactions 
with neutral particles begins a series of further ionizations. The collection of 
high-energy electrons and ionized molecules is known as plasma. The core of 
the plasma reaches temperatures of up to 15,000 K, which is sufficient to 
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Figure 1.2 Schematic of a typical plasma arc spray gun 
liquefy any material that can take a liquid form. The coating material, in 
powder form and carried by a stream of gas, melts after coming into contact 
with the plasma either internally or externally. With its high velocity, the 
melted powder can be applied to a surface on which it solidifies at speeds of 
up to 10**6 K s-1. 
introduction for injection molding process, plasma arc spraying, and 
objectives are provided in Chapter 1. Chapter 2 provides a literature review 
Thesis Organization 
The thesis is comprised of six chapters, in which the general 
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of structures and properties of quasicrystalline materials. Chapter 3 
introduces mold component design considerations, including the process for 
designing two particular molds to conduct the experiments in this study. The 
Plasma Arc Spraying process, equipment and software, friction tests, 
polishing processes, surface roughness measurements, and experimental 
procedures for injection molding in phase I and phase II are presented in 
Chapter 4. The results and discussion are presented in Chapter 5. The general 
conclusions of the study and suggestions for further research are provided in 
Chapter 6. 
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CHAPTER 2. LITERATURE REVIEW 
Quasicrystalline Structure 
For many centuries only two structural forms of solids were recognized 
to exist by scientists: crystals and glasses. The term "crystalline" solid is 
used to describe the structural characteristics of a class of materials that are 
highly organized. Based on a repetitive (or periodic) building block called a 
unit cell, they possess long range positional order with limited orientational 
symmetries. Glasses have no periodic structures. We can find lattices such 
that one-, two-, three-, four-, and six-fold rotation axes carry the lattice into 
itself, corresponding to rotation by 2tc, 2it/2, 2%/3, 2%/4, and 2%/6 radians and 
by integral multiples of these rotations. Therefore, because of the periodicity 
of crystals, the possible rotational symmetries are limited to two-, three-, 
four-, and six-fold rotational axes. In other words, a lattice can not be found 
that goes into itself under other rotations, such as by 2 jc/5 or 2%/7 radians. 
Figure 2.1 [19] is the illustration of an attempt to construct a periodic lattice 
with fivefold symmetry. As it can be seen in the figure, the connected array 
of pentagons can not be completely fitted together to fill the entire space, 
indicating that fivefold point symmetry can not be combined with the 
required translational periodicity. Thus, for many decades the classical laws 
of crystallography indicated that the axis of five-fold rotational symmetry as 
well as any n-fold symmetry beyond six could not exist in equilibrium 
condensed phases. 
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Figure 2.1 Illustration that a five fold axis of 
symmetry cannot exist in a lattice 
"Quasicrystalline" is a term used for a new class of materials that has 
no repetitive building block; that is, these materials are aperiodic and their 
atomic arrangements violate the structural definitions of crystals. Despite the 
aperiodicity of their atomic arrangements, the planes of quasicrrystals are 
highly ordered and their positions can be predicted [20]. In 1984, Dan 
Shechtman introduced a prior non-existing quasicrystalline material having 
five-fold rotational symmetry [21]. This discovery of quasicrystalline 
materials received further confirmation through the study of other systems 
having qusicrystalline phases. Soon after the announcement of the first 
quasicrystal, other examples with 10-, 12-, and 8-fold rotational symmetries 
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were discovered [22-25]. It was realized that these quasicrystals were in an 
energetically non-equilibrium state or metastable phases. Metastable literally 
means transformed into equilibrium mixtures of crystalline phases when 
heating is applied [26]. 
Shortly following the progression of these findings, several other 
quasicrystals were also discovered. In these discoveries it was recognized 
that quasicrystals are equilibrium phases. Since then, hundreds of new alloys 
have been introduced with quasicrystalline phases. To date, much scientific 
research has been devoted to the interpretation of the atomic structure of 
quasicrystals [27 and 28]. Extensive studies have demonstrated that 
quasicrystals belong to a new class of materials having a new structural 
category which could not exist in classic crystallography. Several thousand 
articles have been published dealing with the phase structures of 
quasicrystals [29] and, to a lesser extent, articles on the mechanisms of 
quasicrystallization and thermodynamic stability of phase transition [30]. A 
few studies have investigated their elevated-temperature deformation [31 and 
32]. 
Quasicrystalline Properties 
Almost two decades after their discovery, quasicrystalline materials 
still attract a great interest both at theoretical and applied levels. Studies 
have suggested that some unique physical and chemical properties can be 
associated with this new class of materials. Quasicrystalline surfaces have 
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shown high resistance to oxidation and corrosion resistance [33 and 34]. 
Having a peculiar structure [35-37], aside from their high structural quality, 
quasicrystalline materials exhibit very intriguing [32-34] physical properties 
which are unexpected [38-41]. 
One of the remarkable features of quasicrystalline materials is their 
high electrical and thermal resistivity [42 and 43],Value of typical room-
temperature thermal conductivity of quasicrytals alloys (Al-Cu-Fe) has been 
reported 1.8 W/mk, whereas that of Cu, Al, and Fe are 387, 202, and, 62 
W/mk, respectively [44]. These properties of quasicrystals do not replicate 
those of a semiconductor or a metal. Their low thermal and electrical 
conductivity (increasing with quasicrystalline perfection) compete with those 
of an insulator, despite being materials with intermetallic compounds 
containing approximately 70 atomic percent aluminum. In addition, 
conductivity in quasicrystalline materials increases with temperature as in 
semiconductors, but the gap has not been well defined. Their electronic 
transport behavior is very unusual because their high resistivity increases 
with improved structural quality of quasicrystalline perfection, negative 
temperature coefficients, and their extreme sensitivities to chemical 
composition [45]. 
Favorable oxidation and corrosion resistance have also been a great 
promise from this new class of materials [46 and 47]. Many studies have 
indicated that quasicrylline materials exhibit a low coefficient of friction 
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[48-51] and are potentially great candidates for use in wear resistance, 
hydrogen storage [52], and battery applications [53]. 
It has also been shown that some of the properties of quasicrystalline 
materials may be related to the structure of their material interphases [53]. 
Among these characteristic properties some have suggested macroscopic 
consequences and potential applications of quasicrystrallines, for example: 
electric [54 and 55] and thermal [56 and 57] conductivity, corrosion 
resistance [58], mechanical [59-61] and optical [62] properties, and lubricant 
and coatings [63]. 
Quasicrystalline materials are extremely brittle. Fracture toughness for 
AUsCuasFeia has indicated low values of -1.5 M Pa mewVi. Due to this 
brittleness, it is generally agreed that it is unlikely that technological 
applications of this new class of materials will appear in bulk form. Despite 
this drawback, the promising attributes of this material have inspired several 
groups throughout the world—particularly in France, Japan, the US, and 
Germany—to efforts to develop coatings for these materials. A common goal 
of these researchers is the desire to mitigate this shortcoming while still 
applying its desirable characteristics. 
Quasicrystalline materials are more the products of human creativity 
rather than of nature. In most cases, the equilibrium phase of an alloy is 
completely different from the quasicrystalline phase of that alloy at any 
temperature. Nevertheless, quasicrystalline in Al-Cu-Fe has been revealed to 
exhibit a stable quasicrystalline phase at an elevated temperature, which can 
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be depicted by a traditional phase diagram. Figure 2.2 (a) and (b) show 
isothermal sections of Al-Cu-Fe near the v phase at (a) 700°C and (b) 800°C, 
respectively [64]. As shown in the phase diagram, the quasicrystalline phase 
(y) exists only over a small range of composition. This creates some 
difficulties during surface coating in obtaining the y phase. In order to bring 
the coating composition in the desired phase domain and obtain the best 
coating density, plasma arc spray parameters must be optimized. The 
composition of Al^Cu^Fe^ was used throughout the current research period. 
Many researchers have investigated quasicrystallines in the Al^Cu^Fe^ 
system as coating materials. This is due to their low cost, lack of toxicity, 
high availability, and more importantly, as it mentioned previously, their 
stability at temperatures near their melting point [65]. One of the potential 
applications of quasicrystals is the deposition of these materials onto the 
surfaces of injection mold cavities. The high hardness of coating, which 
typically is in range of 7.5 to 9.0 GPa, resists abrasion by glass fibers [66]. 
Non-sticking behavior of this new class of materials should also offer lower 
coefficient of adhesion friction to the plastic materials during the ejection 
phase of injection molding process. Even though Aggressive investigations in 
quasicrystalline materials during the past fifteen years have revolutionized 
crystallography, the technological impact of quasicrystalline materials has 
yet to be exploited. 
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Scientists and engineers still are searching for its fascinating and at 
the same time illusive physical properties. This may be due to the fact that 
single phase quasicrystals cannot be produced in bulk form. Another 
contributing factor to this is the curiosity of researchers to learn as much as 
possible about the structural aspects of this new class of materials. To bring 
these findings from the theoretical point of view to technological 
applications, it is necessary to continue to examine the physical properties of 
quasicrystals through experimental designs. The purpose of the experiments 
conducted in the current research was to explore the non-sticking behavior of 
quasicrystals for potential application in the plastics industry through 
injection-molding processes. 
Theory of Melting 
Sticking is related to wetting. It has been generally stated that what 
wets, sticks. This phenomenon has been studied in classical melting theory 
which is categorically a branch of thermodynamics. Inside the liquids, the 
time-averaged forces exerted on any molecule by its neighbors is zero. At the 
surface of a liquid, the mechanism is completely different. Beyond the free 
surface, no molecule can exist to balance the forces of attraction exerted by 
neighboring molecules in the interior. As a result, molecules in the surface 
experience a net centrally directed attraction forces which cause the droplet 
to form a spherical shape. Therefore, the forces acting at the surface of a 
liquid tend to minimize both the surface area and free energy. From the 
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microscopic point of view, surface tension is the reversible isothermal work 
which must be done to bring molecules from the interior to the surface of the 
liquid to generate one square centimeter of new surface thereby. In the 
theory of wetting, the standard applied is the contact angle between the solid 
and the liquid in contact. If the contact angle lies between 0 and 90°, the 
liquid wets the solid and if the contact angle lies between 90 and 180°, it 
does not wet the solid. When a droplet of liquid contacts a solid there exist 
three interfacial tensions, and at equilibrium, a balance of these tensions. 
What theory has suggested and the experimental results have 
demonstrated are that quasicrystalline materials have superior non-sticking 
properties. 
It is hypothesized that this unique property must be due to some 
fundamental surface characteristics of quasicrystalline coatings, such as 
small grain aggregation or electronic distribution, or both. If a solid surface, 
e.g. a quasicrystalline coating, is in contact with a liquid and air, three 
different surface tension coefficients exist: YSL, YSG. and YLG. Where $. L. and G 
are symbols for solid, liquid, and air, respectively. If molten plastic is 
considered a liquid, as in the current investigation, then applying Young's 
law and balancing the forces (Figure 2.3) YSG = YSL + YLG COS60, where 60 is 
the angle made by the fluid at the triple point, then cos 60 = (YSG - YSL) / YLG. 
If YSG = 0, the molten plastic will wet the solid. Thus, it can be stated 
that if YSG - YsL~ YLG. the molten plastic will wet the solid and stick. A 
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minimum of stickiness can be attained when the angle 60 has a maximum 
value or when the ratio (YSG - YSL) / YLG. is as small as possible. In general, 
sticking behavior is achieved when Y$G < YSL. Therefore, a quasicrystalline 
LG 
SG SL 
Figure 2.3 Wetting angle and Young's Law on a flat surface 
material should have superior non-sticking behavior properties (friction 
coefficient) either due to very low surface tension (YSL. YSG) or because 
granularity forces exist at a large 60 on the down side of a grain, and fluid 
progression is blocked, or both (Figure 2.4). 
In general non-stickiness is a companion of low surface tension. In order 
to avoid sticking, low y must be achieved. Theoretically, there are three 
possibilities to attain low surface tension and, consequently, non-sticking 
behavior for solids: 
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(X/ 
Figure 2.4 Wetting angle and Young's Law on a curved grain 
I. Electronic structure: Some materials such as body-centered cubic 
transition metals have a pseudogap in bulk form, but this ceases to 
exist on the surface. In quasicrystalline materials a pseudogap exists in 
bulk form at the Fermi level and persists to the surface of the material. 
[18]. Hence, the surface-free energy of the quasicrystalline materials 
is very low. 
Fermi surfaces are used in the explanation of the electrical 
conduction properties of solids. A surface of constant energy in space 
is described by the components of the wave vectors of a system of 
half-integral spin particles. This is a geometrical representation of 
dynamical functioning of conduction electrons in solids. These half-
integral spin particles fill energy levels up to a maximum energy at the 
zero of temperature T. The Fermi-energy or no energy levels are 
occupied above this energy level. In the Fermi statistics, at most one 
particle is allowed in a non-degenerated state [67]. 
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2. Thermodynamics: Another factor responsible for reducing surface 
tension is the curvature of grains. In quasicrystalline coatings, the 
thickness of the surface or radius of grain curvature is much smaller 
than that of the molten plastic in contact with it. 
3. Hysteresis: A liquid is pinned by the curvature of the grains. Thus, 
when the liquid comes in contact with a quasicrystalline coating, it is 
unable to wet the surface. 
Based upon these theories, the non -sticking behavior of a quasicrystalline 
coating was evaluated in both injection molding applications and friction 
tests. Reported contact angle measurements and surface energy calculations 
[68] in combination with the experimental results in this study verified that 
quasicrystals indeed have a lower coefficient of friction than other 
conventional mold materials. Therefore, they are great candidates for 
injection molding applications. 
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CHAPTER 3. MOLD DESIGN COSIDERATIONS 
General Mold Configurations 
A mold system is comprised basically of two sets of components: (a) 
cavities and cores; and (b) the base in which the cavities and cores are 
maintained. Each mold consists of two halves separated by a parting line: a 
stationary mold half on the side where the plastic in injected, and a moving 
half on the side where the ejection system is located. Figures 3.1 and 3.2 
depict a typical configuration of a mold and an exploded view of a mold 
base, respectively. 
The basic mold elements are: locating ring, sprue bushing, front clamp 
plate, front cavity plate (A plate), leader pins, leader pin bushings, rear 
cavity plate (B plate), support plate, cavity retainer, spacer block, ejector 
retainer plate, return pin, ejector plate, knockout pins, rear clamping plate, 
sprue puller, supporting pillar, and stop pin 
To reduce costs and simplify the design process, molds are made with 
as many standard components as possible. Machine specifications and 
product requirements must be met while using these standard elements. In 
general, the mold base is defined and standardized. This will allow the mold 
designer to focus on the cavity plates and the cavity and core inserts they 
hold. 
The following is a brief description of mold features and their 
functions. The locating ring, which surrounds the sprue bushing, locates the 
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Figure 3.1 General configuration of a mold 
mold in the press platen concentrically with the machine nozzle. Located in 
the sprue bushing, the sprue is a central channel through which the mold is 
filled. In order to facilitate mold release, the hole through the length of the 
sprue has a lh in/ft taper. This rule is valid in cases where several mold 
plates are used between the machine nozzle and the gate (see Figure 3.3). 
The sprue hole must have a good reamed and polished finish to avoid part 
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Figure 3.2 Expanded view of a mold base 
and sprue sticking. The cavity insert, front cavity plate (A plate), clamping 
plate, and sprue bushing are located on the stationary platen of the machine. 
The U-frame, which consists of the rear clamping plate, the spacer blocks, 
the ejector system, the rear cavity plate, and in some mold systems, support 
pillars, are located on the movable platen of the injection molding machine. 
The ejection system consists of two ejector plates, knockout pins, and 
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Figure 3.3 Appearance of the sprue for several plates 
return pins. The return pins support and guide the ejector system and return 
the ejector pins to retracted positions as the mold closes for the next cycle. 
The ejector plates hold the ejector pins and the return pins. 
Leader pin bushings are located in the rear cavity plate, and their 
function is to guide the leader pins. The leader pins, which maintain the 
alignment of cavity halves during molding machine operation, are preferably 
mounted in the stationary mold halve. 
Draft Angle. The amount of taper the molded product should have to allow 
it to eject easily from the die cavity is called the "draft" angle. The amount 
of draft needed is a major concern in design considerations. The draft angle 
could have a negative effect on the quality of the product functionally or 
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visually. On the other hand, ejection of the part without a draft angle is 
extremely difficult. The greater the draft, the more easily the part can be 
ejected. It is recommended that injection-molded products have a minimum 
of 1° of draft, or 2° if possible. 
When the mold closes, air is trapped inside. In order to complete the 
filling process, the trapped air must be displaced by the injected plastic 
materials. When the mold cavity is filled and the trapped air is displaced, a 
vacuum will occur. The molded product will be held by this vacuum in the 
cavity until air can enter. When the draft angle is present, the replacement of 
the air in the cavity will occur after the part travels only a small fraction of 
the cavity depth. Therefore, the molded part can be removed by ejector pins 
with ease (see Figure 3.4). 
On the other hand, when the part is constructed without a draft 
condition, ejection of the part is a very difficult and complicated task. In this 
situation the air cannot replace the vacuum until the part is ejected all the 
way out of the die cavity (Figure 3.5), consequently ejecting the part against 
the cavity will need excessive ejection pressure which will cause the product 
to be deformed, broken or punctured. 
Runners. The sprue bushing directs the received molten plastic from 
the nozzle to the mold cavities through the channels machined into the mold. 
These channels are referred to as runners. The locations, cross sections, and 
surface characteristics of the runners are very important factors in the filling 
and ejection phases of the process and, consequently, in the quality of the 
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product. Due to the machining operation and the costs associated with it, 
mold designers are interested in avoiding runners. However, in many product 
designs, particularly in those having multi-cavity molds, runners are required 
to distribute the molten plastic in the cavities. The following factors must be 
taken into consideration when designing runners: 
1. Locations: The runners must be designed as short as possible. This 
means that the distance between the sprue and cavity should always be 
kept to a minimum to reduce the pressure losses. 
2. Cross-sections: In designing runner cross-sections, sharp corners 
should be avoided. Runners with circular cross-sections, in which a half 
cylindrical shape is machined into each plate have the best performance. 
Because of other aspects of design considerations, in many cases cross-
sections other than round are used. The most common are half-round and 
trapezoidal cross-sections, which can be machined into only half of the 
mold. 
3. Dimensions: In order to reduce the pressure drop during the injection 
phase, the correct dimensioning of the runners is necessary. It is 
recommended that the pressure drop be less than 70 MPa (10,000 psi) 
[69]. The pressure drop across the runners can be determined using the 
equation 
P-2tL/r 
where T = shear stress 
r = runner radius 
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L= runner length 
For the previous equation shear stress can be obtained from the 
equation 
t = "n v 
where T1= viscosity of the polymer 
"Y = shear rate = 4Q/ it r3 
Q= the volume flow rate of the plastic 
Therefore, selection of correct runner diameters is the key factor in 
runners dimensioning. 
Ejector Pins. Ejector pins are used for removing the part after the 
cooling cycle is completed and the mold is opened. The pins usually leave 
marks on the areas of contact with molded products. If the ejection pressure 
is too high, or if the ejected part is not adequately solidified or the ejector 
pins are designed too long or too short, the ejection pins' witness marks are 
more discernable and will affect the quality of the products. 
It is extremely difficult to design ejector pins with an exact length 
because of tolerance buildups, process parameters, and compression and 
expansion of the mold materials. If not specified by the product designer, a 
tolerance range between 0.000" and 0.020" (0.000mm and 0.508mm) is 
allowed. If the ejector pins are designed too long or too short, they will 
cause a "depression" or "pad" in the part, respectively. Illustrations of a 
depression (impression) and pad (protrusion) are depicted in Figure 3.6. 
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41 
Characteristics and Features of the Designed Molds 
The primary focus in the designing process was on the cavity plates, 
cavity and core inserts, location and size of runners and ejector pins, 
mounting of the pressure transducers, and providing removable cavity walls 
so that they could be sprayed properly with plasma spray coating equipment 
in the Ames Laboratory. Other mold components, such as master frames, 
sprue bushing, locating rings, and guiding pins, were purchased from 
standardized and defined components so they would comply with standard 
machine specifications. Two different molds with efficient ejection systems 
were designed and two series of experiments were conducted, accordingly. 
First Mold 
Characteristics 
As discussed before, a four-plate series assembly of (9 7/8" x 7 7/8") 
custom designed mold bases was purchased from D-M-E Company, Madison 
Height, Michigan. The thicknesses of the "A" and "B" plates were both 
1 3/8", and the support plates thickness was 7/8". The mold system was 
supplied with four mounting holes - top and bottom - and two locating rings 
with 4.331 "diameters. The mold was equipped with four leader pins and 
bushings. With these pins and bushings the alignment of the front plate 
would be assured with respect to the rear plate as well as the symmetry of 
loads when the mold base is clamped. 
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The mold also had four rear pins and bushings. These pins would help 
in the separation of the mold halves before the mold is completely opened. 
The "A" and "B" Plates were No. 3 Steel (SAE 1030 type), top clamping and 
support plates were No. 2 Steel (AISI 1430 type, pre heat treated, 269-321 
Bhn; 28-34 Rc), and ejector housing was No. 1 Steel (P-20 type, pre heat 
treated, 277-331 Bhi; 29-36 Rc). The net weight of the mold system was 148 
pounds. Figure 3.7 shows the first mold components before machining. 
Features 
Mold cavity. In order to form the molten plastic into the desired shape 
and size, the cavities must be machined onto the mold plate. For the first phase 
of experiments, four cavities with two different depths and two different draft 
angles of 0° and 3° were constructed. With this mold configuration, both the 
effects of cavity depth and draft angle can be studied. The complete 
AutoCAD drawing of the cavity plate after CNC machining is shown in 
Figure 3.8. The general arrangement of mold cavities, runners, leader pins, 
leader pin bushings, return pins, and ejector pins are illustrated in Figure 3.5, 
and the CNC part program generated by the EZ-Mill software is shown in 
Appendix C. 
Due to difficulties in the coating process, only removable cylindrical pins in 
the center of each cavity could be plasma arc sprayed. This problem was 
encountered because the size of the molds and geometries of the cavities with 
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Figure 3.8 AutoCAD drawing of the cavity plate designed for the first mold after machining 
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middle pins did not allow the spray machine nozzle set in an opposition to 
move and spray the cavity surfaces. In addition, uniform coatings can not be 
obtained for cavities with sharp corners. Therefore, it was necessary to 
construct removable cavity surfaces to be positioned properly for the coating 
operation. Views of the cylindrical pins in the center of mold cavities are 
shown in Figure 3.9. 
01.0000 
00.5000 
Top view for 0.3 inch depth 
01.0000 
00.5000 
Top view for 0.6 inch depth 
0.8000 
0.9000 
0.4000 1.3000 
Front view for 0.3 inch depth Front view for 0.6 inch depth 
Figure 3.9 Views of the cylindrical pins in the center of the cavities 
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For the first mold, four cavities were designed to examine the effectiveness 
of surface characteristics (coated and uncoated) and draft angle (0° and 3°) 
on different cavity depths (0.4" and 0.8"). In these experiments, runners were 
designed to have trapezoidal cross sections. In order to make the filling 
process faster and more efficient for a complete part, eight runners with 
trapezoidal cross sections were machined into the mold. All runners were the 
same in length but different in diameter. For cavities with relatively larger 
depths, runners with larger diameters were designed and machined. Proper 
calculations were needed for the design of runner diameters relative to the 
volume of the product. The designed runner system for the mold is shown in 
Figure3.8. 
For precaution and to prevent the flow of the molten plastic around the 
ejector pins, which would result in pins sticking to the part, the best length 
estimates for the pins used were on the short side. In the first mold, removal 
of the part could be accomplished with three ejector pins located in the form 
of a circle around the removable middle pin, with equal angular distances (an 
angle of 120*) between the pins. The distance from the outer surface of the 
middle pin to the cavity wall through the ejector pins were equal as well (see 
Figure 3.10). Locating the ejector pins at these points would cause the 
ejection force transmitted through ejector plates into ejector pins to be 
distributed evenly and equally. 
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Figure 3.10 Locations of ejector pins for the first mold 
Transducer Selection 
Several types of sensors were investigated. The D-M-E Company 
(Madison Heights, Michigan) manufactures and sells two types of sensors 
specifically designed for use in injection molding measurements: Slide Mold 
Pressure Sensors, and Button Mold Pressure Sensors. Both types are designed 
for measuring pressures in conjunction with auxiliary recording and control 
equipment in injection and transfer molds. Both provide a constant full-scale 
output of two millivolts per volt, rated at 500 lbs and input of 12 volt 
maximum. 
The advantage of the slide type transducers is that they are easily 
movable. For experiments in which many changes in positions are needed, 
this type of sensor could be considered as the best choice. On the other hand, 
button type cavity transducers are of relatively low cost, small size and, in 
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cases where materials, support pillars, etc., inhibit the use of slide sensors 
for small molds, this kind would work well. 
Due to its low cost and small size for permanent installation, it was 
determined that button type cavity pressure transducers (model BS-412C) 
from D-M-E Company should be appropriate and they were thereby 
purchased for use in the experiments. Because all sensors are electrically 
identical, the need for recalibration of control systems or recorders when a 
sensor is replaced is virtually eliminated. Therefore, calibration differences 
are non-existent. Since this type of sensor is permanently installed, damage 
due to mishandling is minimized. The button sensor was installed under the 
ejector pin and the shielded lead wire was run through the outside of the 
mold for mounting. The sensor was connected to a power supply (0-12 V), a 
volt meter, and a strip chart recorder that was capable of millivolt readings. 
Transducer Installation 
Due to the cost for purchasing the desired four transducers (one for 
each cavity) and limited funding, only one pressure transducer was acquired. 
In order to measure ejection forces on each of the individual pins, the 
transducer had to be moved to different locations during testing. Two 
cavities in the ejector plate had to be machined to accommodate the sensor 
and wiring. To reduce the number of times the transducer would have to be 
moved, it was assumed that one force measurement for each cavity was 
sufficient for each run. The initial intention was to machine four separate 
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slots in the ejector plate to accommodate the sensor. However, the mold 
cavities are laid out symmetrically about the mold face center lines, 
therefore, only two slots were needed in the ejector plates to accommodate a 
transducer. The two slots would be able to accommodate four sensor 
locations by turning the ejector plate 180° (Figure 3.11). This reduced the 
cost and time associated with machining the very hard mold material (steel: 
P-20 type, pre heat treated, 277-331 Bhi; 29-36 Rc). Figures 3.12 and 3.13 
depict the cavities and sensor locations, and the method of transducer 
installation in the ejector plate, respectively. 
Because the sensor is actually transmitting the forces from the ejector 
plate to the ejector pins, a sensor slot without a sensor would not transmit 
any forces. This problem was eliminated by using blanks. Thus, a blank 
machined from steel with the exact geometric shape of the sensor was 
substituted when the sensor was removed to the other slot in the ejector 
plate. 
Second Mold 
Characteristics 
As mentioned earlier, it was not feasible to coat the entire cavity 
surfaces of the first mold. In order to have all the cavity surfaces coated, and 
avoid all the difficulties experienced in exchanging the cavity inserts, and 
repositioning the transducer which would take the entire movable part 
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(a) Two slots before ejector plate rotation 
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Figure 3.11 Two slots machined in the ejector plate 
to accommodate a transducer for four 
cavities 
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Figure 3.12 Cavities and sensor location 
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Figure 3.13 Views of the transducer's position in the ejector plate 
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of the mold to be reinstalled, a new mold had to be designed. Since parts 
produced in cavities with more complex shapes particularly geometries with 
sharp corners are more difficult to eject, conducting the experiments with 
these part characteristics would require the new mold with a different 
configuration as well. The second mold was a U-frame type system purchased 
from Master Unit Die (MUD), Greenville, Michigan. It was lighter than the 
first mold and easier to install, but due to limited space on the A-plate for 
machining and mounting the entire pre-constructed cavity inserts, it was 
more difficult to design and operate. Figure 3.14 and 3.15 show the frames, 
A-plate, and B-plate before machining, respectively. This mold consisted of 
only two leader pins and bushings which were adequate for alignment of the 
mold halves. The mold was manufactured with four rear pins. These rear pins 
can help in the separation of the two mold halves before the mold is 
completely opened. 
Features 
Mold cavity. For the second phase of the experiments, only one cavity 
was machined onto the rear cavity plate (B-plate). Different depths, draft 
angles, and surface characteristics were accommodated through the 
construction of separately designed mold cavities to be inserted into the 
machined cavity. Assembling the cavity walls and arranging them securely 
into the machined cavity in the mold half were accomplished through 
employing several bolts (cap screws) designed for this purpose. 
Figure 3.14 "U" style frame of the second designed mold 
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Ejector retainer 
Figure 3.15 Standard solid insert for the second designed mold 
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In order to produce parts with different depths, draft angles, and 
surface characteristics, through the use of only one cavity, several machining 
operations had to be performed. The following is a list of steps followed to 
perform these tasks: 
1. A cubic rectangular shaped cavity with the dimensions of 3.125 x 
3.125 x 1.50 inches was machined into the B-plate. This cavity would 
provide the space for separately machined inserts to be placed. 
2. A 0.5" diameter hole was drilled into the middle of this cavity to a 
depth of 0.85" through the remainder of the B-plate thickness. This 
hole was then threaded to join the middle pin, insert, and B-plate 
together. 
3. Three spacer blocks with the following dimensions were provided for 
each of the three surface conditions (uncoated, coated-unpolished, and 
coated-polished) to be tested: 
a. 3.125 x 3.125 x 0.25 inches 
b. 3.125 x 3.125 x 0.55 inches 
c. 3.125 x 3.125 x 0.85 inches 
To manufacture plastic parts with a depth of 0.9", blocks with the 
same dimensions as (a) would be used. For products having a depth of 0.6", 
blocks with dimensions as (b) were contoured, and 0.25" of material from 
each outside edge of the blocks was removed to a depth of 0.3". The same 
machining operation was carried out for blocks with dimensions as (c), but 
the contouring depth was 0.6" in this case. 
57 
The same procedures were continued to provide additional cavity 
inserts with the same dimensions but a 3° draft angle. For this purpose the 
CNC machining tools were changed to those furnished with the requisite 
draft angle (3°) when machining inside cavity walls and middle cubic blocks. 
The CNC part program for the second mold is shown in Appendix C. Figure 
3.16 illustrates views of the insert blocks after assembly. In order to make 
the machining operations easier and faster, the material selected for all insert 
components was aluminum. 
Runners. A round-shaped runner was designed with a half circular 
cross-section on both front and rear plates. Aligned with respect to the 
runner on the B-plate, the same half circular cross section was also machined 
into one of the insert cavity walls located in front of the sprue bushing 
nozzle. The half circular runner on the A-plate was accommodated with a 
gate. For each running operation, this gate would help to control the amount 
of molten plastic to be injected into the die cavities relative to the cavities 
volume. 
Cavity Assembly 
The insert assembly process took place with the use of bolts (cap 
screws) designed for this purpose. Three 0.185" diameter holes were drilled 
into each removable cavity wall. Three holes of the same size were also 
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Figure 3.16 Views of assembled insert blocks for the second mold 
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Figure 3.16 (Continued) 
drilled into the cavity floor. All of the holes were threaded to enable the 
bolts to join the cavity pieces together. The locations of the holes are also 
depicted in Figure 3.16. 
In order to prevent damage to the mold when each operation is finished 
for one set of specifications, and the cavity inserts need to be replaced 
according to new specifications, two holes with diameters of 0.1875" were 
drilled symmetrically into the support plate. Thus, two dummy pins from the 
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rear side of the B-plate could push the insert out of the machined cavity 
through these holes during the mold exchange process. 
Draft Angle 
The same machining operations as in steps 1 and 3 above were 
performed to construct the cavities with a draft angle. For this operation, 
tools with a 3° on each side) draft angle were used to machine the 
interior cavity surfaces. 
Ejector Pins 
Only two ejector pins were utilized for part release. The basic idea for 
arrangement of the ejector pins was similar to the concept for the first mold, 
based on the assumption that transmitted forces must be applied evenly and 
equally on the ejector pins (see Figure 3.17). The two ejector pins lie 
opposite to each other on the outside of the middle pin, which is in the center 
of the square cavity. The distance from each ejector pin to the cavity wall is 
equal to the distance from that ejector pin to the outer edge of middle pin. 
From a design point of view, it would have been better to 
accommodate four ejector pins instead of two. Three pins do not constitute 
an adequate design due to uneven distribution of ejection pressure. On the 
other hand, from an experimental point of view, exerting higher pressure on 
the ejector pins allows one to achieve greater accuracy. This was attained by 
reducing the number of ejector pins. 
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Plastic product 
Ejector pin location 
Figure 3.17 Location of ejector pins for the second mold 
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CHAPTER 4. EXPERIMENTS 
Equipment, Software and their Functions 
The equipment used to take the necessary steps for conducting the 
experiments in this research are as follows: 
1. Coordinate Measuring Machine (CMM): A Brown and Sharp Machine 
with Micromeasure III software. All geometric and dimensional 
information were provided for the drawing process, CNC machining, 
and necessary parameters for mounting the new molds on the injection 
molder. To ensure the accuracy of the measurements, a series of 
preliminary calibration steps were performed before measuring the 
parts. 
2. AutoCAD: Measurements obtained with the CMM for the mold 
components (insert plates, back plates, ejector plates, and ejector 
pins), were used for complete drawings of the parts to be 
manufactured. The commercial software AutoCAD 12 was used for this 
purpose as well as to provide appropriate and accurate drafting of the 
parts. Annotations of the drawing provide dimensions and all other 
required part specifications that could be added to the prints by 
drafting using AutoCAD. Two-dimensional and undimentioned drawing 
files created in AutoCAD were saved on a floppy disk as DXF (Data 
Export File) in order to machine the work pieces with computer-
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generated cutting paths. The files were then utilized in the EZ-MILL 
software for the CNC machining process. 
3. EZ-MILL: Bridgeport's EZ-MILL system is an advanced software 
package that is used in a Computer Numerical Controller (CNC) 
milling machine. The part programming for this CNC milling machine 
was created by this system. The EZ-Mill system is capable of creating 
the part geometries that are used to define tool motion, machine cycles 
and cutting paths. It also creates the CNC information file using this 
information and generates the CNC part programs. EZ-MILL has the 
facilities to generate CNC code by creating part geometries or 
importing geometric files from other packages such as AutoCAD. 
4. Hitachi Seiko VM40: The molds used to generate the plastic parts were 
produced in the Engel Laboratory in the Mechanical Engineering 
Department at Iowa State University using a Hitachi Seiko VM40 
Vertical Milling Machine. 
5. BOY 30 - Metric Ton Injection Molding Machine: The parts were 
injection-molded using a BOY 30M injection molder. This machine is 
located in the Engel Laboratory (Figure 4.1). 
6. Molds: Since the experiment had two phases, two different molds were 
designed-each having different materials and geometries. 
7. Transducer: One bottom mold pressure sensor, model BS-412C, was 
purchased from the D-M-E Company and used to measure the ejection 
forces required to push the parts out of the cavities. 
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Figure 4.1 Plastic injection-molding machine in the Engel Laboratory 
at Iowa State University 
8. Power Supply (10-12 V): 
9. Plasma arc spraying equipment: Praxair SG-100 
10. Voltmeter and strip chart recorder: Capable of millivolts readings. 
11. Lathe, Hitec-Turn 20 SII: This machine is used to produce parts with 
cylindrical shape; the cores for cavities of the first mold were made 
with this machine. 
12. Profilometer Pilotor, Type VE Model 14: This equipment was used for 
surface roughness measurement. 
13. Pin on disk wear test machine: Coefficients of friction were measured 
with this machine. 
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Materials 
1. Plastic: In the first phase of the experiment, two different plastic 
materials, polypropylene (PP) and acrylonitrile- butadiene- styrene 
(ABS) were used to produce the parts. In the second phase, PP, ABS, 
and three additional plastics: polyethylene terephthalate (PET), 
polyurethane (PS), and polystyrene (PU), were used to examine the 
release properties of quasicrystalline coating in the ejection phase of 
the process. 
2. Molds: For the first phase of the testing, the mold material was No.3 
Steel: SAE 1030 type; and for the second phase, the mold material was 
the same as the first mold except for the insert cores and cavities. 
Aluminum was selected for the material comprising the middle pins 
and all other cavity surfaces of the second mold. Size, machinability, 
machine specifications, test requirements, and cost were the major 
factors in the selecting, designing, and machining of the mold 
components. In addition to these important factors, exchangeability of 
the insert mold was another factor considered in mold selection and 
design for the second phase of the study. 
3. Coating: Quasicrystalline AUsCuzsFeu was used throughout the 
experiments. 
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Plasma Arc Spraying 
A series of experiments were performed to identify the parameters for 
plasma arc spraying to produce the desired coating. Substrates were 
degreased, grit-blasted with 24-grit alumina and ultrasonically cleaned in 
ethanol prior to coating. Coating was done in air. A starting powder 
composition of AUsCuzsFeiz which had been sieved and classified to a +25, -
45 nm size range was used throughout this project. Structurally, AUsCuzsFeia 
quasicrystal is a faced- centered cubic icosahedral and falls within the 
single-phase 4* region of the Al-Cu-Fe phase diagram. Powder was fed at 15 
g/min using Argon carrier gas. The substrates were cooled with gun-mounted 
gas jets of air at -80 psi. The thicknesses of coatings were 0.9 mm and 1mm 
for the first and second Plasma Arc Spraying processes, respectively. This 
amount of thickness would provide sufficient quasicrystal to remain on the 
surface of the substrate after the polishing process. Coating was done using a 
standard Praxair SG-100 plasma arc spray gun in Mach I mode with 
parameters shown below. 
Anode, part number 358 (Praxair Surface Technology) 
Cathode part number 112 (Praxair Surface Technology) 
Gas injector, part number 113 (Praxair Surface Technology) 
Amps 800 
Arc Gas, slpm 37.8 (Ar) 
Auxiliary Gas, slpm 20.0 (He) 
Carrier Gas, slpm 5.6 (Ar) 
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Powder feed rate, g/min 15 
Stand off, cm 12.7 
For use as an injection-molding cavity surface, the quasicrystalline 
coating must have minimal porosity and a high content of the quasicrystalline 
phase. It was determined that using smaller starting powder particles would 
produce a denser coating; however, smaller powder particles were also found 
to be more susceptible to loss of aluminum through vaporization, which 
altered the chemistry of the deposited coating and decreased the amount of 
the desired quasicrystalline phase which was formed. Therefore, it was 
necessary to select coating parameters that produced coatings with a 
compromise in porosity and a decrease in the amount of the desired 
quasicrystalline phase content. These parameters as previously listed were 
used to spray the surfaces of the injection-molding die cavity discussed 
below. A phase contents of these coatings have been determined by X-ray 
diffraction (XRD) (Figure 4.2). 
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Figure 4.2 XRD patterns for AloCuzsFen quasicrytalline materials 
refer to figure for powder and size fraction [66] 
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The coatings contain approximately 60% by weight of the quasicrystalline 
phase (Y); the remainder is a cubic crystalline phase (0). Metallographic 
cross sections prepared from companion coatings revealed, by volume, 
approximately 10% porosity. 
Surface roughness measurements 
Prior to installing the molds for testing, the coated and uncoated cavity 
surfaces were polished to 1.2-1.3 and 0.9-1.0 |im finishes, respectively. A 
series of coated surfaces were also left in the as-sprayed condition to 
evaluate the effect of surface roughness on ejection forces. The surface 
roughness of unpolished surfaces was between 200-210 pm. A profilometer 
pilotor (Type VE Model 14) was used to measure the surface roughness of 
cavities in this study. The cut off for all measurements was decided to be 
0.8mm. 
Friction Tests 
In addition to testing the non-sticking behavior of quasicrystals in 
injection molding applications, cavity surfaces constructed with steel, 
aluminum, and quasicrystal were subjected to friction tests. This was 
accomplished in order to investigate in a more reliable manner, the friction 
properties of quasicrystalline coating compared to those of the other mold 
materials used in this study. Validity of the methods employed in the 
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injection molding experiments and accuracy of the results can be verified 
with the data obtained from the friction tests. 
Samples were machined to the size of 5mm x 6mm x 15mm to fit the 
machine fixture. The counterface material was tool steel with the nominal 
alloying composition of 0.9% C and 1.6% Mn, with a quenched hardness of 
66 to 60 HRc. The counterface was a disk having 76mm diameter and 3.2 mm 
thickness. Prior to testing, all friction partners were ground and lightly wet, 
abraded with silicon carbide paper of grit sizes 80 to 240. The roughness 
values were measured to be between 0.18 and 0.20 gm. The disks and other 
samples were cleaned with acetone and dried prior to the sliding test. The 
normal load applied to each specimen under investigation was 2 Kg. After 
calibration, the pressure exerted on the specimen was 0.65 GPa. The sliding 
velocity was held constant and at Im/s. Friction forces were determined from 
strain measurements. 
The coefficients of friction of the three materials used in this study 
except for the non-polished coated condition were recorded. The test results 
are presented in chapter 5. 
Injection Molding 
Phase I 
Two polymers were used in the following experiments: polypropylene 
and ABS. These materials were selected due to availability and their 
tendency to stick to traditional mold surfaces. An injection mold was 
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designed for this project. The inserts were machined to form four cavities 
with "doughnut"-shaped geometries in the mold. The characteristics of four 
cavities machined into the B-plate are as follows: 
1. 0.4" depth with no draft angle 
2. 0.4" depth with a 3° draft angle 
3. 0.8" depth with no draft angle 
4. 0.8" depth with a 3° draft angle 
As mentioned in Chapter 2, two runners were machined for each cavity 
to provide uniform filling during the injection phase of the process. The 
cylindrical pins in the center of each cavity were designed to be removed for 
changing the surface conditions. 
Ejection Force Measurements 
This study was concerned with the measurement of the forces needed 
to eject molded parts in the injection-molding process. In order to test the 
performance of a presumably low friction, quasicrystalline mold coating, a 
method had to be devised to measure the forces transmitted through the 
individual ejector pins. A sensor with the appropriate resolution would need 
to be configured and installed. 
To determine the setup values for the experimental tests, several 
processing parameters from the four categories (temperature, pressure, time 
and distance)—the ejection pressure values, in particular—were set up prior 
to conducting the experiments to produce parts without defects. Material 
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characteristics, machine and part specifications were considered in the 
programming of these set values through the control panel located in front of 
the injection-molding machine. The equation used for this purpose was 
described in chapter 1. 
In order to maintain the mold in a state of equilibrium, several parts 
were made prior to recording the data. After ejection, each part was 
examined for quality control. The necessary parameter changes were made to 
avoid flashes, bubbles, incomplete parts or other defects, as well as any 
problem with the ejection phase of the process. 
In a cycle when the part looked to have an acceptable appearance, the 
ejection pressure value was gradually reduced using the control panel. 
Lowering of the ejection pressure value continued until incomplete ejection, 
stickiness, or other difficulties encountered in ejection of the product were 
observed for the first time. Because all the parameters, except ejection 
pressure, were taken constant, it could be concluded that the problems 
experienced in the complete removal of the part were mainly due to 
insufficient ejection forces transmitted into the part through the ejection 
plates and ejector pins. 
The ejection pressure was the set on the last value when the part was 
knocked cleanly out of the cavity without any difficulty. This value could be 
considered as the minimum pressure required for ejection. This value was 
configured for each condition and the machine was run in semi-automatic 
mode to produce five parts for the preliminary phase of the experiment. 
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In cases where problems in the release of the part were observed, a 
new ejection pressure value was established and the molding pressure 
restarted. The reduction in ejection pressure continued until five parts for 
each condition could be produced with complete release and without 
interruption. For the five parts that were produced, ejection forces were 
monitored and recorded using pressure transducers located at the slots on the 
ejection plate at the back of the ejector pin. 
It should be noted that the value recorded by the pressure transducers 
are pressures exerted only on the back of a specified ejector pin. It is 
reasonable to assume that the forces transmitted through the ejector pins in 
each cavity were distributed equally due to the orientation of the ejector 
holes and the placement of each ejector pin to have the same area of contact 
with the ejector plate. In other words, by measuring the ejection pressure for 
only one pin in a cavity, the ejection force required to knock out the part 
from that cavity could be obtained by simply multiplying the recorded 
number by the number of ejector pins, which was three in this case. 
Twelve different conditions with two plastic materials were tested for 
the first phase of these experiments. All of the processing parameters, with 
the exception of ejection pressure which was the dependent variable, were 
taken constant for conditions with equal mold cavity depths. The set values 
were not changed for different draft angles or surface characteristics such as 
coated, uncoated, polished, and unpolished cavity surfaces. In order to find 
the relationship between the ejection pressures applied through the machine 
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controller panel and pressures exerted on the ejector pin equipped with a 
transducer^ when more than the required pressure was applied) one or more 
parts were produced with a higher set value than the value previously 
determined. This did not change the ejection force recorded by the 
transducer. 
During the molding trials, three types of surfaces on the cylindrical pins 
were tested: (I) uncoated surfaces in an as-machined condition; (2) coated with 
quasicrystals and polished: and (3) coated with quasicrystals, but not polished 
(i.e.. as-sprayed condition). The first two conditions provided a direct 
comparison of smooth surfaces with and without quasicrystals. The third 
condition was used to simply observe the surface texture of plastic parts that 
were molded in a cavity having a plasma sprayed coating surface. It was 
hypothesized that the parts molded in the cavity with an as-sprayed surface 
would require more force to be ejected from the mold due to the increased 
surface roughness of the as- sprayed surface compared to the polished plasma 
arc sprayed quasicrystalline surface. 
A voltmeter and strip chart recorder capable of reading millivolts were 
used to record the data. The apparatus setups are shown in Figures 4.3 and 
4.4. 
Tables 4.1 - 4.4 exhibit the data obtained from using both methods of 
measurement for the polypropylene plastic (PP). Since the main purpose of 
both measuring methods was to obtain the percentage of changes in ejection 
pressure for the identical cavities having only different surface conditions, 
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Power Supply Stripchort 
0-12 V Voltmeter Recorder (nV) 
120 V_ 120 V 120 V_ 
Sensor 
Figure 4.3 System setup 
the conversion of output readings in mV to force is an unnecessary step. 
Therefore, the ejection pressure obtained by the transducer method was not 
altered from the original output recorded by the strip chart recorder. In cases 
when such calculations are needed, a sample force calculation is shown 
below using a 12 V input source. Transducer had linear force-voltage 
characteristics over the range 0-500 Ibf. 
Rated Load: 500 lb. 
Output: 2.000 mV/VF.S. 
Input: 12 V 
@ F.S. (i.e. 500 lb load) output is 24 mV 
Conversion Factor: (Output, mV) * (500)/(24) = Force (Ibf) 
Figure 4.4 System setup photographs 
Table 4.1 Ejection pressure data for five polypropylene parts in Phase I, at 0.4" depth and 0° draft angle 
Uncoated Coated Unpolished Polished 
ran 
No. Machine controller (bar) 
Transducer pressure 
(mV) 
Machine controller 
(bar) 
Transducer pressure 
(mV) 
Machine controller 
(bar) 
Transducer pressure 
(mV) 
1 10 5.0 60 12.0 10 4.0 
2 10 4.0 60 13.0 10 4.5 
3 10 4,5 60 10.0 10 4.1 
4 10 5.0 60 12.0 10 4.0 
5 10 4.5 60 12.0 10 4.1 
Ave. 10 4.6 60 11.8 10 4.1 
Table 4.2 Ejection pressure data for five polypropylene parts in Phase I, at 0.4" depth and 3 " draft angle 
Uncoated Coated 
Part 
No. 
Unpolished Polished 
Machine controller 
(bar) 
Transducer pressure 
(mV) 
Machine controller 
(bar) 
Transducer pressure 
(mV) 
Machine controller 
(bar) 
Transducer pressure 
(mV) 
1 5 2.0 40 9.8 4 1.8 
2 5 2.0 40 10.1 4 1.7 
3 5 1.8 40 10.1 4 1.5 
4 5 1.8 40 10.1 4 1.7 
5 5 1.7 40 10.0 4 1.9 
Ave. 5 1.9 40 10.0 4 1.7 
o\ 
Table 4.3 Ejection pressure data for five polypropylene parts in Phase I, at 0.8" depth and 0° draft angle 
.. . Coated 
par| Unpolished Polished 
Machine controller Transducer pressure Machine controller Transducer pressure Machine controller Transducer pi 
(mV) (bar) (mV) (bar) (mV) 
7.8 90 13.0 25 6.8 
8.2 90 16.0 25 6.4 
7.6 90 17.0 25 6.4 
7.8 90 17.0 25 6.8 
8.0 90 17.0 25 6.6 
7.9 90 16.0 25 6.6 
No. (bar) 
1 30 
2 30 
3 30 
4 30 
5 30 
Ave. 30 
Table 4.4 Ejection pressure data for five polypropylene parts in Phase I, at 0.8" depth and 3° draft angle 
Uncoated Coaled Unpolished Polished 
ran 
No. Machine controller (bar) 
Transducer pressure 
(mV) 
Machine controller 
(bar) 
Transducer pressure 
(mV) 
Machine controller 
(bar) 
Transducer pressure 
(mV) 
1 20 4.0 30 7.7 20 4.8 
2 20 3.8 30 7.8 20 5.6 
3 20 6.4 30 7.8 20 5.2 
4 20 6.2 30 7.9 20 5.8 
5 20 6.6 30 7.9 20 5.2 
Ave. 20 5.4 30 7.8 20 S3 
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Phase II 
During the first phase of this research, it was found that coating 
cylindrical shaped mold cores (pins) were relatively easy as long as the depth 
of the cavity was not too large. However, mold shapes often have square 
corners or junctures at intersecting surfaces. Uniform coatings are difficult 
to achieve with such shapes. Therefore, special coating techniques need to be 
developed to accommodate complex surface characteristics, or address the 
constraints in the coating of such mold cavities in the stage of mold design 
process. 
Objectives 
This study had two objectives: 
1. Conduct further study of the release properties of quasicrystalline 
coatings on injection molds; and 
2. Explore the application of quasicrystalline coatings with complex mold 
configurations in injection molding. 
In the preliminary experiment (Phase I), a plasma spray coating technique to 
deposit quasicrystalline coatings was developed and applied experimentally 
using two types of plastics and four different mold cavities. The results 
indicated that additional study should be conducted with mold shapes that are 
more complex and utilize a wider variety of plastics to fully determine the 
potential for commercialization of the quasicrystalline coating technique. 
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Plasma Arc Spraying 
A similar procedure to that of the first phase of the study was 
performed to identify plasma arc spraying parameters that could produce a 
desired quasicrystalline coating on the plates and pins. These plates and pins 
were provided to be assembled after the coating process to construct cores 
and cavities of the second designed mold. The coating thickness of the 
second mold was determined to be 1mm (0.1mm thicker than the first mold). 
The thicker coating would ensure that sufficient quasicrystallin coating 
existed to prevent exposing the underlying substrate after polishing and from 
wear during injection molding operations, surface roughness measurements, 
and friction tests. This would guarantee that the substrate material would not 
affect the test results. The starting powder composition, AUsCuzsFeiz. was 
also used throughout this phase. 
Injection Molding Process 
Five different polymers were used in this experiment to characterize 
the sticking properties of the coated materials compared to the original mold 
material (i.e., aluminum). Aluminum was selected for the following reasons: 
lower cost, better machinability compared to steel and other mold materials, 
and to test the feasibility and quality of quasicrystalline coating on aluminum 
as a substrate. Some shortcomings of aluminum as an injection molding 
material, such as its low hardness, low corrosion resistance and oxidation, 
could be mitigated. 
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As mentioned in the first phase of the experiments, which was 
conducted as a preliminary test of the effectiveness of the coated material on 
the forces required to accomplish the injection molding cycle by ejecting the 
final product through the use of an ejection system, the designed mold had 
four die cavities with "doughnut"-shaped geometries. The effect of depth and 
draft angle on the ejection forces were examined by designing the cavities 
with different depths (0.4" and 0.8"), and different draft angles (0° and 3°). 
But in the coating phase, only the removable cylindrical pins in the center of 
each "doughnut'-shaped geometry were plasma arc sprayed with 
quasicrystalline materials. Therefore, the observed reduction in the ejection 
forces was solely due to the surface characteristics of the coated cylindrical 
pins. The surface characteristics of the other wall cavities (the outer edges 
and bottom of the part) were not coated. As a result, these non-coated 
surfaces would not have had an effect on changes in the ejection forces. 
The five plastic materials used in these experiments were PP, ABS, 
PET, PS and PU. These plastics were selected due to their availability and 
frequent use in plastics industries. Different material properties, particularly 
the coefficient of sliding friction with metals, which was the focus of this 
research, was another reason for the selection of these plastics. Some of the 
material properties of these plastics can be seen in Appendix D [70]. 
A new injection mold was designed for this phase because of the 
difficulties experienced with the first mold. Mounting and relocating the 
pressure transducers required removal of the entire mold system, thus it was 
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determined that the second mold system should be completely different. 
Inserts were machined to form six cavities each with a "box'-shaped 
geometry in the mold. Eighteen different conditions were tested with five 
plastic materials in the experiments conducted with second design mold. The 
six inserted cavities constructed for this purpose are as follows: 
1. 0.3" depth with no draft angle 
2. 0.3" depth with a 3° draft angle 
3. 0.6" depth with no draft angle 
4. 0.6" depth with a 3° draft angle 
5. 0.9" depth with no draft angle 
6. 0.9" depth with a 3° draft angle 
One runner was machined onto the cavity to provide uniform filling 
during the injection phase. A gate was installed on the other half of the 
runner located at the front plate. The placement of the pin in the cavity and 
part configuration for 0.6 inches depth is illustrated in Figure 4.5. The entire 
cavity surfaces including a cubic rectangular shaped pin in the center of each 
cavity were plasma arc sprayed with the quasicrystalline coating. Table 4.5 -
4.10 provide representative data collected for polypropylene ejected from 
cavities having different depths, draft angles, and surface characteristics. 
82 
Table 4.5 Ejection pressure dala for ten polypropylene parts in Phase II, al 0.3" depth and 0° draft angle 
, , Coaled 
Unpolished Polished 
ran 
No. Machine controller (bar) 
Transducer pressure 
(mV) 
Machine controller 
(bar) 
Transducer pressure 
(mV) 
Machine controller 
(bar) 
Transducer pressure 
(mV) 
1 10 3.7 58 12.2 8 2.8 
2 10 3.9 58 12.1 8 2.7 
3 10 3.8 58 12.3 8 2.7 
4 10 3.6 58 12.1 8 3.1 
5 10 3.6 58 10.8 8 2.9 
6 10 3.8 58 12.8 8 2.9 
7 10 3,6 58 10.8 8 2.7 
8 10 3.7 58 11.9 8 2.8 
9 10 4.1 58 12.2 8 2.8 
10 10 3.6 58 13.6 8 2.7 
Ave. 10 3.7 58 12.1 8 2.8 
Table 4.6 Ejection pressure data for ten polypropylene parts in Phase II, at 0.3" depth and 3° draft angle 
part Unpolished Polished 
N Machine controller Transducer pressure Machine controller Transducer pressure Machine controller Transducer pressure 
°' (bar) (mV) (bar) (mV) (bar) (mV) 
1 4 2.1 33 9.1 3 1.6 
2 4 2.2 33 9.1 3 1.6 
3 4 2.2 33 10 3 1.6 
4 4 2.2 33 7.6 3 1.5 
5 4 2.2 33 7.9 3 1.7 
6 4 2.4 33 9.3 3 1.6 
7 4 2.3 33 7.2 3 1.5 
8 4 2.1 33 8.8 3 1.7 £ 
9 4 2.1 33 8.7 3 1.8 
10 4 2.1 33 10 3 1.6 
Ave. 4 2.2 33 8.8 3 1.6 
Table 4.7 Ejection pressure data for ten polypropylene parts in Phase II, at 0.6" depth and 0° draft angle 
Uncalled Coaled Unpolished Polished 
ran 
No. Machine controller (bar) 
Transducer pressure 
(mV) 
Machine controller 
(bar) 
Transducer pressure 
(mV) 
Machine controller 
(bar) 
Transducer pressure 
(mV) 
1 21 5.8 80 16.0 17 5.0 
2 21 6.5 80 16,2 17 5.3 
3 21 6.7 80 14.3 17 4.9 
4 21 6.7 80 15.4 17 5.1 
5 21 6.5 80 15.5 17 5.8 
6 21 6.7 80 15.2 17 5.0 
7 21 6.8 80 13.9 17 5.0 
8 21 6.2 80 15.8 17 4.7 
9 21 6.9 80 16.7 17 5.0 
10 21 6.9 80 13.8 17 6.1 
Ave. 21 6.7 80 153 17 5.2 
oo 
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Table 4.8 Ejection pressure data for ten polypropylene parts in Phase II, at 0.6" depth and 3* draft angle 
Uncoiled Coated 
Paît 
No. 
Unpolished Polished 
Machine controller 
(bar) 
Transducer pressure 
(mV) 
Machine controller Transducer pressure Machine controller 
(bar) (mV) (bar) 
Transducer pressure 
(mV) 
1 9 3.9 41 11.1 6 3.0 
2 9 3.9 41 11.9 6 3.3 
3 9 3.8 41 10.8 6 3.3 
4 9 4.3 41 11.5 6 3.4 
5 9 4.3 41 9.6 6 3.2 
6 9 4.2 41 12.1 6 3.2 
7 9 4.1 41 9.0 6 3.3 
8 9 4.1 41 12.4 6 2.9 
9 9 4.1 41 12.2 6 3.0 
10 9 4.2 41 12.4 6 3.1 
Ave. 9 4.1 41 11J 6 3.2 
Table 4.9 Ejection pressure data for ten polypropylene parts in Phase II, al 0.9" depth and 0° draft angle 
Part 
Uncoated Coated Unpolished Polished 
Machine controller Transducer pressure Machine controller Transducer pressure Machine controller Transducer pressure IW. (bar) (mV) (bar) (mV) (bar) (mV) 
1 70 12.0 120 23.5 54 10.2 
2 70 12.3 120 22.7 54 10.9 
3 70 12.5 120 22.6 54 9.5 
4 70 11.2 120 23.1 54 9.8 
5 70 12.8 120 22.7 54 10.0 
6 70 12.2 120 20.8 54 8.6 
7 70 11.6 120 23.3 54 9.8 
8 70 11.4 120 21.9 54 9.8 
9 70 12.4 120 24.3 54 9.5 
10 70 12.4 120 23.1 54 9.7 
Ave. 70 12.1 120 22.8 54 9.8 
23 
Table 4.10 Ejection pressure data for ten polypropylene parts in Phase II, at 0.9" depth and 3° draft angle 
Coaled 
Uec™w pShrf 
ran 
No. Machine controller (bar) 
Transducer pressure 
(mV) 
Machine controller 
(bar) 
Transducer pressure 
(mV) 
Machine controller 
(bar) 
Transducer pressure 
(mV) 
1 28 8.1 47 13.7 21 6.2 
2 28 8.0 47 12.8 21 6.4 
3 28 8.0 47 13.9 21 6.1 
4 28 6.5 47 11.0 21 6.5 
5 28 7.9 47 12.9 21 5.8 
6 28 8.2 47 14.0 21 6.5 
7 28 8.2 47 14.0 21 6.8 
8 28 8.3 47 13.6 21 7.5 
9 28 8.3 47 14.6 21 6.6 
10 28 8.2 47 12.4 21 6.2 
Ave. 28 8.0 47 13J 21 6.5 
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CHAPTER 5. RESULTS AND DISCUSSION 
The overall scientific goal of the current project was to gain a 
fundamental understanding of the non-sticking behavior and friction 
mechanism of quasicrytalline coating in injection molding applications. To 
achieve this goal several experiments were designed and conducted. The 
experiments were carried out on different cavity depths, draft angle, and 
surface roughness conditions. Two different series of data were collected for 
each condition by the machine controller and pressure transducer. The 
experimental results and effects of these cavity surface specifications on 
ejection forces and coefficient of friction are discussed below. 
Phase I 
Injection molding experimental results 
The effect of each factor under investigation was determined 
experimentally by isolating the effects of other parameters on ejection 
forces. 
Machine controller data-The ejection pressure applied through the machine 
controller method can show the trend of forces required to be applied in 
different situations. This method is very useful for comparing the increase or 
decrease in required values to knock out the part in each cycle characteristic. 
However, it cannot be concluded that the amount of reduction in ejection 
forces using this method of measurement is solely due to the mold cavity 
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conditions. Machine specifications, variations in forces required to open the 
mold and move the ejection system, as well as the accuracy of the injection 
mold machine, are other factors that need to be considered. However, a good 
correlation in the direction of changes between these recoded data and forces 
read by the transducer provides more assurance to reliability of the data and 
accuracy of the testing methods. 
The mean values of ejection pressure data collected for PP and ABS 
using machine controller are shown in Figures 5.1 and 5.2, respectively. For 
both plastic materials, cavity surfaces with polished quasicrystalline coating 
exhibited the lowest ejection pressure, 14.8 bars for PP and 5.5 bars for ABS 
parts. Whereas the rough coated surfaces indicated the highest values of 55 
and 20.3 bars for PP and ABS, respectively. The trend of changes in both 
plastic types was the same except for a slight difference in the case with a 3° 
draft angle and 0.4" depth. Table 5.1 displays the effect of each parameter on 
reducing the ejection pressures. The collected data obtained for the ABS 
parts produced by the first mold is presented in Appendix E. In order to 
determine the effect of coating on ejection pressures, cavity surfaces with 
uncoated and coated-polished conditions were compared. All other factors 
were kept constant to eliminate their influence on the results. A 12% 
reduction for PP and a 21% decrease for ABS parts were observed. Similarly, 
the effects of other parameters were determined individually. The highest 
percentage reduction in ejection forces was recorded for the surface 
roughness effect, 73% for PP and 73% for ABS. 
Uncoated Unpolished C-polished No draft angle 3° draft angle 0.4" depth 0,8" depth 
Figure 5.1 Average values of ejection pressure data recorded for PP parts using machine 
controller in Phase I 
Uncoated Unpolished C-polished No draft angle 3° draft angle 0.4" depth 0.8" depth 
Figure 5.2 Average values of ejection pressure data recorded for PP parts using pressure 
transducer in Phase I 
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Table 5.1 Effect of quasicrystalllne coating, surface roughness, draft 
angle, and mold cavity depth on ejection forces, based on 
machine controller measurements in Phase I 
Plastic Quasicrystal Surface 0° to 3° draft 0.8" to 0.4" 
material coating roughness angle depth 
% decrease % decrease % decrease % decrease 
PP 9 73 57 40 
ABS 27 73 52 51 
Transducer data- The transducer that was used to monitor the force required 
to eject the molded parts was successful in distinguishing among different 
molding conditions. Variations in ejection force were observed as a function 
of mold cavity depth, draft angle and surface condition (i.e., uncoated or 
coated). 
The ejection force values obtained in experimental procedures using 
force transducer can quantitatively represent the real amount of force exerted 
on the ejector pin. Figures 5.3 and 5.4 show the average values of ejection 
forces for PP and ABS, respectively. The similar trend of changes as in the 
machine controller data was observed was recorded in this case as well. As 
shown in these figures, in all situations the minimal amount of required force 
to knock the part out of the cavity was smaller for quasicrytallines with 
polished coated conditions than those with uncoated or rough surfaces. 
The numbers recorded for coated-polished surfaces were 4.4 for PP and 
2.2 for ABS. Again, rough cavity inserts showed the highest values of 11.4 
Uncoated Unpolished C-polished No draft angle 3° draft angle 0.4" depth 0.8" depth 
Figure 5.3 Average values of ejection pressure data recorded for ABS parts using machine 
controller in Phase I 
Uncoated Unpolished C-pollshed No draft angle 3° draft angle 0.4" depth 0.8" depth 
Figure 5.4 Average values of ejection pressure data recorded for ABS parts using pressure 
transducer in Phase I 
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for PP and 6 for ABS. Figures 5.3 and 5.4 show that the cavities with a 0° 
degree draft angle required more force for ejection than cavities with a 3° 
draft angle. This behavior was to be expected, as was added force required to 
eject parts from deeper (0.8") cavities. 
Despite the lower coefficient of friction of PP, for the conditions 
studied, ABS material was easier to eject. The coefficient of friction values 
for PP and ABS have been reported 0.33 and 0.5, respectively. Based on 
these friction properties it was expected that PP parts would require less 
force in the ejection phase than ABS. The most part of this variation resulted 
from processing parameters used in these materials. When the molding 
process switched from PP to ABS, several parameters needed to be changed 
to produce the parts with no defects or flashes. For instance, for ABS parts, 
holding pressure and plasticizing limits were decreased whereas cooling time 
was increased. However, the same trends with respect to mold configuration 
and cavity surface conditions were seen with both materials. 
By comparison, effect of each parameter can be detected while effects 
of the others secluded. Table 5.2 presents the percentage reduction in 
ejection forces for both materials. In the table, a 12% reduction for PP and a 
21% reduction for ABS are recorded. In this case among all parameters, 
surface roughness had the highest effect on reducing the ejection forces. A 
60% reduction for PP and 63% reduction for ABS were attained. This great 
amount of reduction in forces was due to the comparison with an as-sprayed 
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Table 5.2 Effect of quasicrystalline material coating, surface roughness, 
draft angle, and mold cavity depth on ejection forces, based 
on transducer measurements in Phase I 
Plastic Quasicrystal Surface 0° to 3° draft 0.8" to 0.4" 
material coating roughness angle depth 
% decrease % decrease % decrease % decrease 
PP 12 60 37 30 
ABS 21 63 38 41 
condition which was a very rough surface with approximately 210 fim Ra. 
The surface roughness measured in the friction measurements for the 
uncoated and coated-polished mold cavity surfaces were 1.7 and 3 #im Ra, 
respectively. 
Phase II 
Again, variations in ejection force were observed as a function of mold 
cavity depth, draft angle and surface condition (i.e., uncoated or coated). 
Injection molding test results 
The injection molding experiments were conducted with the same style as 
the preliminary testing for five different polymers. 
Machine controller results-Figures 5.5-5.9 depict the mean values of ejection 
pressure data collected for PP, ABS, PET, PS, and, PU parts, respectively. 
The results for coated-polished surfaces revealed the lowest ejection pressure 
for all plastic parts except for PET. In this single case the cavity with 0.3" 
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Figure 5.5 Average values of ejection pressure data recorded for PP parts using machine 
controller in Phase II 
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Uncoated Unpolished C-polished No draft angle 3° draft angle 0.3" depth 0.6" depth 0.9" depth 
Figure 5.6 Average values of ejection pressure data recorded for ABS parts using machine 
controller in Phase II 
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Figure 5.7 Average values of ejection pressure data recorded for PET parts using machine 
controller in Phase il 
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Figure 5.9 Average values of ejection pressure data recorded for PU parts using machine 
controller in Phase n 
103 
depth recorded a slightly lower value than the coated- polished condition. 
Once more the highest values were recorded for the coated rough surfaces. 
The second highest pressure was displayed for the 0.9" cavity depth. The 
results attained from these experiments comply with material properties of 
the polymers. As an example, PET and ABS with the highest coefficients of 
friction among these polymers (0.54 for PET and 0.50 for ABS), exhibited 
the highest pressures and PP with the lowest coefficient of friction (0.33), 
showed the smallest force being required to release the part. 
Table 5.3 illustrates the degree of influence of each parameter on reducing 
the ejection pressures. This table was constructed with the same methodology 
as in the first phase but three different cavity depths were tested instead. The 
rough surface caused the ejection force to rise substantially. However, this 
may be attributed exclusively to the increased surface area and roughness of 
the cavity surfaces. 
The highest reduction in ejection pressure was achieved by changing 
the rough cavity surface to a smooth condition and reducing the cavity depth 
from 0.9" to 0.3". 
Transducer readings- Figures 5.10 -5.14 represent the experimental results 
for the five polymers recorded by the pressure transducer technique. Each 
figure depicts the mean values of forces for all production cycles in injection 
molding experiments. Among the eight conditions tested, coated-polished 
cavities proved to require the lowest ejection force for all of the plastics 
tested. Alike previous results, rough surfaces and deep die cavities were 
Table S J Effect of quaslcrystalline material coating, surface roughness, draft angle, and mold 
cavity depth on ejection forces, based on machine controller measurements in Phase I 
Plastic Quasicryslal Surface 0° to 3° 0.9" to 0.6" 0.6" to 0.3" 0.9" to 0.3" 
material coating roughness draft angle depth depth depth 
•% decrease % decrease % decrease % decrease % decrease % decrease 
PP 23 71 56 49 33 66 
ABS 24 70 55 48 26 62 
PET 25 65 38 54 29 67 
PS 23 71 56 49 34 66 
PU 24 70 55 48 32 64 
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Uncoated Unpolished C-polished No draft angle 3° draft angle 0.3" depth 0.6" depth 0.9* depth 
Figure 5.10 Average values of ejection pressure data recorded for PP parts using pressure 
transducer in Phase M 
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Figure 5.11 Average values of ejection pressure data recorded for ABS parts using pressure 
transducer in Phase II 
Uncoated Unpolished C-polished No draft angle 3" draft angle 0.3" depth 0.6" depth 0.9" depth 
Figure 5.12 Average values of ejection pressure data recorded for PET parts using pressure 
transducer in Phase II 
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re 5.13 Average values of ejection pressure data recorded for PS parts using pressure 
transducer in Phase n 
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Figure 5.14 Average values of ejection pressure data recorded for PU parts using pressure 
transducer in Phase fl 
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more difficult in part ejection. Overall, ejection forces illustrated in these 
figures reasonably comply with surface friction properties of all polymers. 
Besides, the same trends with respects to mold configuration and cavity 
surface conditions were seen with all five materials. The entire data set 
obtained from molding trials using PP, ABS, PET, PS, and, PU polymers is 
presented in Appendix E. 
Table 5.4 shows the percentage of decrease in forces exerted on the 
ejector pin to release the part by testing one parameter while keeping the 
others constant. Quasicrystal coating reduced the forces from 20 to 24 
percent. After the polishing process, the quasicrystalline coating was rougher 
than the uncoated condition. The surface roughness of uncoated cavity was 
measured to be from 1 to 1.7 #im and the coated-polished surface had a 
measured roughness of 3 #im Ra. If the surface roughness for quasicrystal and 
uncoated mold material were identical, even more reduction in ejector forces 
would have been expected. A 3° draft angle resulted in reducing the ejection 
forces nearly 35 percent. This figure indicates the significance of draft angle 
in the injection molding process. Cavity depth also has a great influence on 
ejection forces. As the table shows, for instance, by reducing cavity depth 
from 0.9" to 0.3", approximately 57 percent decrease in the ejection force was 
recorded. This decrease is mainly due to the decrease in the contact area 
between the plastic and the mold walls. Some of the decrease is due to the 
vacuum forces resulted from the air trapped in cavity. 
Table 5.4 Effect of quasicrystalline material coating, surface roughness, draft angle, and mold 
cavity depth on ejection forces, based on transducer measurements in Phase I 
Plastic Quasicrystal Surface 0° to 3° 0.9" to 0.6" 0.6" to 0.3" 0.9" to 0.3" 
material coating roughness draft angle depth depth depth 
•% decrease % decrease % decrease % decrease % decrease % decrease 
pp 20 65 34 37 32 57 
ABS 23 64 30 36 30 55 
PET 24 63 33 39 33 59 
PS 21 65 39 46 19 56 
PU 22 64 29 35 33 56 
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Friction test results 
As discussed previously, a friction test was carried out to measure the 
coefficients of friction of qusicrystalline coating and uncoated mold 
materials. The coefficients of friction measured for the three surfaces were 
0.46 to 0.51 for steel, 0.31 to 0.35 for Al, and 0.21 to 0.24 for 
quasicrystalline coating. The roughness values were measured to be between 
0.18 and 0.20 gm for all the samples. As mentioned in chapter 2, the 
coefficient of friction has been reported to be lower than this value. But it 
has been accepted as a general knowledge that friction is system-specific and 
depends on characteristics of both mating materials and testing environment. 
Furthermore, the coefficient of friction recorded for quasicrystal was still 
much lower than those of steel and Al. In addition to the experimental results 
from injection molding trials which clearly demonstrated the effect of 
coating on friction forces, friction tests also verified that, compared to other 
conventional mold material, quasicrystals have the lower coefficient of 
friction. 
Statistical analysis 
With all of the measurement taken, statistical analysis was 
performed to determine the degree of confidence in the outcome. As an 
example, a statistical t-test comparing the uncoated data set to the coated-
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polished set was carried out. The complete statistical results are presented in 
Appendix F. 
The null hypothesis. Ho, is that #ta=#ic and the two sets of data cannot 
be statistically distinguished. In other words, the population mean of A and B 
are the same. The alternative hypothesis. Ha, is that ejection force data set 
A, representing the uncoated mold surface, is greater than ejection force data 
set B, representing the coated-polished mold surface (/ia>gc). 
t-statistic = (meana-meanc)/(vara/na+varc/nc)Al/2 = 5.216589, with 
degrees of freedom = na+nc-2 = 60+60 -2 = 118, 
o = 0.05. 
One tailed t value for the above parameters = 1.645 
As expected, the t-statistic is greater than 1.645. Therefore, we can reject the 
null hypothesis, and can be confident at the 95% level that #ta>#tc. 
The same procedures were carried out to compare data sets for rough to 
polished surfaces, no draft angle to 3° draft angle, 0.6" to 0.3" depths, 0.9" 
to 0.6" depths, and 0.9" to 0.3" depths. In all cases, with the exception of one 
condition in which the level of confidence was 90%, the null hypothesis was 
rejected at the 95% level of confidence. 
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CHAPTER 6. CONCLUSIONS 
In this study, two types on injection molds were designed, 
manufactured, and tested using five different polymers. The design variables 
included application of quasicrystalline coating, draft angle, surface 
roughness, and cavity depth. The ejection forces during injection molding 
were measured and correlated with surface tension, friction, and hardness of 
quasicrytalline coating and the type of polymer as well as draft angle and 
cavity depth. The ejection forces were recorded by a force transducer. 
Quasicrystalline coatings coupled with surface roughness successfully 
reduced ejection forces by 12% to 21% in first set of molds and 20% to 24% 
in the second set of molds. There was a direct relationship between cavity 
depths and ejection pressures. Since some of the high ejection forces in deep 
cavities are due to vacuum forces that hold the part in mold cavity, an 
appropriate vent system is strongly recommended to reduce the ejection 
forces in these situations. 
In statistical analysis, a t-test comparing the uncoated data set to the 
coated and polished data set as well as different cavity depths and draft 
angles was carried out. In all cases except one condition, the degree of 
confidence in the outcome was 95%. In the aforementioned single case, the 
level of confidence was 90%. 
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As the draft angle increases, the ejection pressure decreases 
drastically, especially in combination with mold and workpiece materials that 
have lower coefficients of friction. The addition of quasicrystalline coatings 
to mold surfaces along with the other processing parameters resulted in a 
greater decrease in ejection force in all cases of this study. 
The release properties of the quasicrystalline coating are dependent 
upon surface roughness and the adhesion properties of the coating. While the 
adhesive properties of the quasicrystalline coating are superior in reducing 
the forces, the surface roughness of the coating could not be made finer to 
further reduce the ejection forces. This is because of a slight porosity 
(approximately 10%) within the quasicrystalline coating as well as high 
hardness of the coating. However, a reduction in porosity of quasicrystalline 
surface coatings (through improved coating process) onto injection molding 
die cavities enabled a larger reduction in the force required to eject parts 
from the injection mold cavities. The data generated by molding selected 
plastic materials, PP, ABS, PET, PS, and PU, into various cavities with and 
without quasicrystalline surface coatings supported the anticipated benefit 
that molded parts with even complex shapes are easier to eject from cavities 
that have a quasicrystalline surface. 
Due to the complexity of the injection molding process, this research 
did not provide a detailed analysis of the factors that determined the ejection 
forces due to the quasicrystalline coatings. The surface conditions of the 
coatings prepared in this experiment were not optimized. First, polishing of 
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the plasma-sprayed coatings was done by hand using strips of emery paper. 
The surface of the coated die cavities was rougher than the as-machined 
uncoated cavity surfaces; moreover, the coated surface contained pits that 
were created by using the hand-polishing method. These surface features may 
have increased the force needed for ejection. Improving the finishing 
techniques and providing more uniform coating should help to further reduce 
the ejection forces. Second, the plasma sprayed coatings were only about 
60% quasicrystalline. A short heat treatment of approximately 500°C might 
be employed to convert the entire coating into a thermodynamically stable 
quasicrystalline phase. Since the experiments suggest that the 
quasicrystalline phase is, indeed, responsible for the reduction of adhesion 
during ejection, increasing the amount of the quasicrystalline phase should 
provide additional reduction in ejection force. 
It should be mentioned that in these experiments, the runners were not 
coated with quasicrystals. Therefore, it can be concluded that further 
reduction in the ejection forces could have been resulted if runner surfaces 
were coated with quasicrystalline materials. 
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Recommendations for further study 
Thermal analysis 
Thermal conductivity and heat transfer behavior of mold materials 
have always been important factors in mold material selection in injection 
molding process. A suitable mold temperature has a great contribution to the 
ejection phase of the process. Compared to other mold materials, quasicrytals 
have lower thermal conductivity but it increases as the coating temperature 
increases. Thermal relationship between quasicrystal coatings with molten 
plastics in one side and with cooling system located in the other side of 
coating is not clear. Further investigation and experimental designs need to 
be conducted to explore the effect of this unusual behavior of the 
quasicrystal coating on the ejection forces. 
Coating machinability 
The coating is relatively hard compared to other mold materials. This 
high hardness makes it difficult to process. Grinding and hand finishing have 
been attempted in the past but with limited success. Improving coating 
machinability would also help in remachining worn cavity surface instead of 
replacing it with a new mold. For these reasons the machinability and 
processing of the coating into a smooth surface required further study. 
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Surface tension measurements 
It has been hypothesized that the low coefficient of friction of the 
coating is due to its low surface energy and non-wetting property. Exploring 
a quantitative correlation between surface tension of coating compared to 
other mold materials through contact angle measurements and results from 
injection molding experiments would provide more information about the 
cause of reduction in ejection forces. 
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APPENDIX A: IOWA COMPANIES INVOLVED IN 
MOLDING OPERATIONS 
Company City Product Description 
ACCU-MOLD CORP. Ankcny Miniature part injection molding 
ACE ROTO-MOLD MFG.. INC. Hospers Plastic rotational molding 
ADVANCED TOOL & PLASTIC 
ENGINEERING. INC. 
Glen wood Child-resistant containers, hair care 
AGRI-INDUSTRIAL PLASTICS CO. Fairfield 
Agricultural and industrial blow molded 
parts 
ALDAN LANE CO. Kalona Plastic extrusions 
ALLIED WINDOW MFG. Des Moines Vinyl storm & replacement windows 
ALSIDE WINDOW CO.. MIDWEST Cedar Rapids Vinyl windows 
AMERICAN BABY CONCEPTS. INC. Wheatland Baby bottles 
AMERICAN NATIONAL CAN CO. Des Moines Multi-layer food packaging films 
AR-JAY BUILDING PRODUCTS. INC. Cedar Rapids Vinyl windows, laminated counters 
ARROW MACHINE SHOP Council Bluffs Plastic railroad parts 
B S L  W I N D O W S .  I N C .  Swisher Vinyl replacement windows 
B. C. U. ENTERPRISES. INC. Cedar Falls Butcher's plastic arm & chest guards 
BEACH VINYL MFG. Davenport Vinyl replacement & storm windows 
BECKER-UNDERWOOD INC. Ames Colorants & dye makers 
BENSON ENGINEERING Fairfax Plastic injection molding, name tags 
BERRY IOWA CORP. Iowa Falls Plastic containers & lids 
BLACK HAWK PLASTICS INC. Waterloo Plastic sheet thermoforming 
BRUIN MFG. CO.. INC. Marshall*) wn Plastic injection molding 
BYRON ORIGINALS. INC. Ida Grove Model airplane kits, fuels & plastic 
C C B  P A C K A G I N G .  I N C .  Hiawatha Contract assembly 
CABLE-LOCK INC. Cedar Rapids Velcro straps 
CADILLAC PLASTIC & CHEMICAL 
COMPANY 
Davenport Plastic fabrication 
CARGILL HYBRID SEEDS Monroe Agricultural seed packaging 
CARROL GEORGE. INC. North wood Acoustical plastic & vacuum forming 
CENTRAL CAN CO. Muscatine Plastic containers 
CENTRO. INC. Oxford Plastic rotational molding 
CENTRO. INC. North Liberty Plastic rotational molding 
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CENTRO. INC. North Liberty Plastic rotational molding 
COMMERCIAL PLASTIC 
PACKAGING. INC. 
Ames Printed & plain plastic bags & sleeves 
COMPOSITE TECHNOLOGIES CORP. Ames Insulated concrete sandwich wall-
COMPREHENSIVE INDUSTRIES-
ELMA 
Elma Packaging. collating, assembly 
COOK SIDING SUPPLY. INC. Wall Lake Storm windows and doors 
CORKERY RECYCLERS. INC. Waterloo Paper, glass & plastic recycling 
COUNTRY PLASTICS Ames Plastic fabrication 
CROSSROADS. INC. Muscatine Contract packaging 
CROWS HYBRID CORN CO. OF 
IOWA 
Nevada Seed corn packaging 
CRYOVAC Cedar Rapids Flexible plastic packaging systems 
CUSTOM MEDICAL PRODUCTS Waterloo Medical cart trays 
CUSTOM ROTO PLASTICS Maynard Plastic rotational molding 
CUSTOM-PAK. INC. Clinton Blow molding, plastic carrying cases 
D & L  F I B E R G L A S S  Estherville Fiberglass transformer bases 
D J K  E N T E R P R I S E S  I N C .  Cedar Falls Plastic blow molding 
DOUBLE L GROUP LTD. Gamavillo Farm equipment 
DUBUQUE RIVER TERMINAL CO. Dubuque Salt packaging 
EAGLE PLASTICS, INC. Keosauqua Thermoplastic extrusions 
EARNEST MACHINE PRODUCTS CO. Davenport Nut. bolt, screw & washer packaging 
ECHO. INC. Estherville Plastic floats 
ELASTOMER ENGINEERING INC. Sioux City Polyurethane & nylon castings 
ELDORA PLASTICS. INC. Eldora Plastic injection molding 
ELECTRO-MECH INC. Iowa City Plastic & metal appliance & machinery 
ELUE MAE'S POPCORN CO. Defiance Packaged popcorn 
EMCO SPECIAL TIES INC. Des Moines Storm doors, spindle poles, table legs 
ENDURO CORP. Pella Plastic advertising specialties 
ENO FARMS. INC. Sheffield Seed corn packaging 
EPLEY BROS. HYBRID. INC. Shell Rock Hybrid seed corn packaging 
FARLEY PLASTICS Farley Injection molded plastic parts 
FIBERDYNE. INC. Cedar Falls Fiberglass fabrication 
FIBERGLASS ART MARINE INC. Earlham Fiberglass molded machine parts 
FIBERGLASS ENGINEERING & 
MOLD BUILDING 
Des Moines Fiberglass fabrication 
FLEXIBLE INDUSTRIES Burlington Molded foam plastic 
G M MFG. CO.. INC. Reinbeck Plastic injection molding 
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GLADBROOK MFG. Gladbrook Plastic injection molding 
GLOBAL PRODUCTS. INC. Marion Car cleaning chemicals 
GUTTENBURG INDUSTRIES Gunenbcrg Plastic injection molding 
HAMMER S PLASTIC RECYCLING 
CORP. 
Iowa Falls Molded recycled plastic products 
HANDICAPPED DEVELOPMENT 
CENTER 
Davenport Packaging, assembly, screen printing 
HARPER'S FIBERGLASS REPAIR North Liberty Fiberglass fabrication 
HAWKEYE MOLDING ENGINEERS. 
INC. 
Albia Plastic injection molding 
HAYFŒLD INDUSTRIES LTD. Hayficld Fiberglass truck & utility bodies 
HEARTLAND OF IOWA Urbandale Food products bottling & processing 
HOBSON BROS. ALUMINUM 
FOUNDRY & MOULD WO 
Shell Rock Industrial plastic molds 
HOLLAND INDUSTRIES. INC. Oilman Expanded polystyrene roofing 
IT W/FASTEX Maquoketa Plastic injection molding 
IOWA ROTOCAST PLASTICS. INC. Decorah Plastic rotational molding 
J & B  P L A S T I C S  I N C .  Fairfield Plastic extrusions 
J K INC. Ackley Fiberglass products 
JARRETT ENTERPRISES Cedar Falls Vinyl tractor seat covers & arm rests 
JIM'S INSTRUMENT MFG.. INC. Iowa City Plastic fabrication & supplies 
KALONA PLASTICS. INC. Kalona Plastic injection molding 
KANE MFG. CO.. INC. Des Moines Polyethylene 
KAY PARKREC CORP. Janesville Park & playground equipment 
KEFIFINC Des Moines Record keeping products 
KENNY & GYL West Des Moines Pressure sensitive decals. emblems 
LAMINATING CO. OF IOWA Grimes Laminated documents 
LANSING CO.. INC. Lansing Button & sewing accessories 
LAWYER FORMS INC. Des Moines Computer software packaging 
LENSGRAF CO. INC.. H. T. Winfield Plastic skeletal replicas 
LETICA CORP. Muscatine Plastic industrial shipping containers 
LEWISYSTEMS Monticello Plastic material handling containers 
LEWISYSTEMS. MANCHESTER DIV. Manchester Fiberglass material handling containers 
LUNDELL CORP. Kiron Plastic auger flighting 
MARION PLASTICS Marion Plastic injection molding 
MCKEE BUTTON CO. Muscatine Plastic buttons & button feeding equipment 
MERCURY PLASTICS ENGINEERING 
INC. 
Des Moines Plastic injection molding 
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MEYER SEED Cedar Falls Seed corn packaging 
MID AMERICA FIBERGLASS 
PRODUCTS 
Harlan Fiberglass lawn tables 
MID-CENTRAL PLASTICS INC. West Des Moines Plastic injection molding & extrusion 
MIDWEST FIBERGLASS Cedar Falls Fiberglass products 
MIDWEST HELMETS INC. Des Moines Plastic & straw sun helmets 
MIDWEST PLASTICS INC. Mason City Checkbook covers, wallets, vinyl padding 
MOEWS SEED CO. Perry Seed corn processing & packing 
MOLDED PRODUCTS Harlan Plastic molded products & disposables 
MONSANTO CO. Muscatine Plastics & herbicides 
MORTON CO.. JAMES I. Keosauqua Plastic coasters 
NELSON CENTER INC. Iowa City Assembly & packaging 
NEW GENERATION PLASTICS Eldora Plastic injection molding 
NOLTE ENGRAVING Atlantic Plastic name tags 
NORWESCO. CONTRACT MFG. L P. Grundy Center Molded plastic parts 
NYPRO IOWA. INC. Mount Pleasant Plastic injection molding 
O G CRAFT SHOP Council Bluffs Metal & plastic engraving 
OKOBOJI INDUSTRIES Milford Boat steering helms 
OSCEOLA PLASTICS CO. Osceola Plastic vacuum forming 
P K G S OF DES MOINES Clive Contract packaging 
PACKAGIN SPECIALIST. INC. Defiance Microwave popcorn packaging 
PACKAGING STORE. THE Des Moines Contract packaging 
PACKAGING STORE. THE West Des Moines Contract packaging 
PELLA PLASTICS. INC. Pella Plastic fabrication & injection molding 
PENDRAGON PRESS Geneva Molded leather harnesses 
PIONEER FIBERGLASS MFG. Milford Fiberglass parts 
PLASTI-PAK Des Moines Plastic packaging 
PLASTIC INJECTION MOLDERS INC. Fertile Plastic injection molding 
PLASTICO LTD. Manning Thermoplastic injection molding 
PLEXCO/SPIROLITE Bloomfield Plastic injection molding 
POLO PLASTICS Monticello Plastic & vinyl bags 
PRECISION FOAM GRAFTERS Ankeny Foam fabrication & tooling 
PRECISION PLASTICS. INC. Humboldt Plastic bottles 
PREMIER CORP. Panora Plastic rims 
PREMIER TOOLING. INC Peosta Plastic molds, die cast dies & metals 
PRISMA PLASTICS INC. Des Moines Plastic enclosures & housing 
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PROGRESS INDUSTRIES Newton Small parts assembly & packaging 
PRY PLASTICS. INC. Denmark Plastic injection molding 
PYRAMID INC. Newton Polyurethane drive belts 
QUALITY CRAFTS CORP. Independence Thermoformed plastics 
QUAD CITY COCA-COLA BOTTLING Davenport Packaging and crating bottled beverages 
QUALITY PRODUCTS Eldora Blow molded pressure vessels 
R & D  E N G I N E E R I N G  Earlham Plastic injection molding 
RECOGNITION PRODUCTS Marion Metal& plastic engraving 
RECYCLED PRODUCTS Monticeilo Plastic windows, porch, lawn furniture 
REGAL PLASTIC SUPPLY CO. Waterloo Plastic chair mats & fabrication 
RESIN TECHNOLOGY. INC. Carroll Resins & plastic coatings 
RINEHART MFG. CO. Montezuma Fiberglass 
RIVERSIDE PLASTICS INC. Bonaparte Plastic injection molding & mold die 
ROBERTS' FIBERGLASS Wellman Fiberglass fabrication 
ROTO FAB PLASTICS Libertyville Plastic rotational molding 
RUBBERMAID COMMERCIAL 
PRODUCTS INC. 
Centerville Industrial, sanitary maintenance 
SCHAFER SYSTEMS Adair Point-of-purchase displays 
SHAFAR FIBERGLASS. INC. West Union Fiberglass, molds & fabrication 
SLOAN BROS. FIBERGLASS Marion Cultured marble & fiberglass products 
SOFTWARE SYSTEMS CO.. INC. Dubuque Computer software packaging 
SOLAR PLASTICS/ SIOUX CITY DIV. Sioux City Agricultural spray tanks 
STONE CONTAINER CORP.. 
INDUSTRIAL BAG DIV. 
Des Moines Polyethylene & multi-wall bags 
TANKS. LTD. Sheldon Plastic tanks 
TAYLOR FIBERGLASS VAULT CO.. 
INC. 
Diagonal Fiberglass burial vaults 
TECHNIPLAS. INC. Ankeny Plastic injection molding & molds 
TERRIL PLASTIC MOLDERS Terril Plastic injection molding 
THREEBE PLASTIC CORP. Wellsburg Plastic appliance & automotive part 
TRAFFIX DEVICES Fairfield Traffic safety barricades 
TRIANGLE PLASTICS INC. Winthrop Vacuum & pressure formed plastic 
TRIANGLE PLASTICS INC. Oelwein Vacuum & pressure formed plastic 
UNITED TECHNOLOGIES 
AUTOMOTIVE. IOWA CITY 
Iowa City Automotive foam 
VAN HORN PLASTICS INC. Des Moines Plastic furniture & fabrication 
VANTEC, INC. Webster City Plastic injection molding 
VICTOR PLASTICS. INC. Victor Plastic injection molding & molds 
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VINYLCRAFT INC. Davenport Vinyl wallets 
VOCATIONAL DEVELOPMENT 
CENTER. INC. 
Council Bluffs Packaging, light assembly & bottles 
WAYNE MFG. CO. Cedar Rapids Glass reinforced plastic molding 
WHOLESALE FEEDS. INC. Cedar Rapids Feed ingredients packaging 
WINNEBAGO INDUSTRIES. INC. Hampton Fiberglass motor home components 
WOLVERINE TECHNOLOGIES INC. GrinneU Vinyl siding & window lineals 
WORM FACTORY LTD. Coral ville Plastic fishing lures 
WRIGHT PACKAGING Davenport Paper & plastic shopping bags 
YANKEE PLASTIC CO. Davenport Fiberglass tanks, duct work 
YEAGER INSTRUMENTS Iowa City Plastics processing 
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APPENDIX B: BOY 30 M+ injection setup parameters 
Plasticizing and screw retraction parameters: 
Plasticizing delay (seconds) 
First back pressure value (bars) 
Second back pressure value (bars) 
First screw rpm value (%) 
Second screw rpm value (%) 
Screw retraction speed (%) 
Decomposition before plasticizing (yes) 
First plasticizing value limit (mm) 
Second plasticizing value limit (mm) 
Decompression value (mm) 
Screw diameter (mm) 
Mold closing parameters: 
Delay time before cycles (seconds) 
Clamping force generation time (seconds) 
Mold safety pressure (bars) 
Mold clamping pressure (bars) 
Mold fast close speed (%) 
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Mold slow close speed (%) 
Mold open distance (mm) 
Fast close start (mm) 
Fast close end (mm) 
Mold safety position (mm) 
Injection unit and nozzle parameters: 
Nozzle pressure (bars) 
Nozzle front limit (mm) 
Nozzle Fast advance limit (mm) 
Nozzle rear limit (mm) 
Nozzle force generation time (seconds) 
Nozzle retraction delay (seconds) 
Mold opening parameters: 
Cooling time (seconds) 
Mold fast open start (mm) 
Mold fast open end (mm) 
Mold fast open speed (%) 
Mold slow open speed (%) 
Hydraulic ejectors: 
Number of strokes (one) 
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Ejector front limit (mm) 
Ejector rear limit (mm) 
Ejector pressure (bars) 
Ejector speed (%) 
Retraction pressure (bars) 
Retraction speed (%) 
Barrel temperature parameters: 
Zone 1 (°C) 
Zone 2 (°C) 
Zone 3 (°C) 
Zone 4, nozzle (°C) 
Filling phase parameters: 
Plasticizing limit (mm) 
Injection time (seconds) 
First injection pressure (bars) 
Second injection pressure (bars) 
First injection speed (%) 
Second injection speed (%) 
Third injection speed (%) 
First injection value limit (mm) 
Second injection value start (mm) 
Second injection value start (mm) 
Third injection value start (mm ) 
Hold time start (mm) 
Holding pressure phase parameters: 
Hold time (seconds) 
First holding pressure value (bars) 
Second holding pressure value (bars) 
Melt cushion (mm) 
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APPENDIX C: CNC PART PROGRAMS GENERATED 
BY EZ-MILL FOR THE 1st AND 2nd 
MOLDS 
First mold: 
%:0001 
N1M6T9 
N2(l/4" End Mill) 
N3G0G90 G54 X1.547 Y.7112 S2000 M3 
N4G43Z1 H9M8 
N5 GI Z-.05 F20. 
N6 G41 D29 X1.6795 Y.5786 F10. 
N7 G3 XI.8121 Y.5237 1.1326 J. 1326 
N8 D29 G1 X1.8621 Y.5237 
N9 X3.9707 
N10 G2 X4.0659 Y.3176 10 J .125 
Nil G3 X4.1447 Y.1956 1.0577 J .0492 
N12 G2 X4.1796 Y.2006 1.0349 J .12 
N13 G1 X5.1729 
N14 G2 X5.2763 Y. 1458 to J-. 125 
N15 G3 X5.3008 Yl.19311.7464 J.5065 
N16 G2 X5.2007 Y1.143 I-.l J.0749 
N17 Gl X4.1796 
N18 G2 X4.1447 Y1.148 to J. 125 
N19 G3 X4.0659 Y1.0261-.0212 J-.0728 
N20 G2 X3.97O7 Y.8199 I .0951 J .0811 
N21 Gl X1.8621 
N22X1.8121 
N23 G3 XI.6795 Y.765 10 J . 1875 
N24G40GI X1.547 Y.6324 
N25G0Z.25 
N26 GO G90 G54 X1.547 Y.7112 S2000 M3 
N27Z.1 
N28 Gl Z-.l F20. 
N29 G41 D29 XI.6795 Y.5786 F10. 
N30 G3 XI.8121 Y.5237 1.1326 J. 1326 
N31 D29 Gl X1.8621 Y.5237 
N32 X3.9707 
N33 G2 X4.0659 Y.3176 to J .125 
N34 G3 X4.1447 Y.19561.0577 J .0492 
N35 G2 X4.1796 Y.2006 L0349 J .12 
N36G1 X5.1729 
N37 G2 X5.2763 Y. 1458 to J .125 
N38 G3 X5.3008 Yl.1931 L7464 J.5065 
N39 G2 X5.2007 Y1.143 I-.l J.0749 
N40G1 X4.1796 
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N41 G2 X4.1447 Y1.148 10 J. 125 
N42 G3 X4.0659 Y1.026 1.0212 J .0728 
N43 G2 X3.9707 Y.8199 1.0951 J .0811 
N44 Gl X1.8621 
N45 Xl.8121 
N46 G3 X1.6795 Y.765 10 J .1875 
N47 G40 Gl Xl.547 Y.6324 
N48 GO Z.25 
N49 GO G90 G54 Xl.547 Y.7112 S2000 M3 
N50Z.1 
N51G1Z-.15F20. 
N52 G41 D29 X1.6795 Y.5786 F10. 
N53 G3 Xl.8121 Y.52371.1326 J. 1326 
N54 D29 Gl X1.8621 Y.5237 
N55 X3.9707 
N56 G2 X4.0659 Y.3176 10 J-.125 
N57 G3 X4.1447 Y.19561.0577 J .0492 
N58 G2 X4.1796 Y.2006 1.0349 J-.12 
N59G1 X5.1729 
N60 G2 X5.2763 Y.1458 10 J-.125 
N61 G3 X5.3008 Yl.19311.7464 J.5065 
N62 G2 X5.2007 Y1.143 I-.l J.0749 
N63 Gl X4.1796 
N64 G2 X4.1447 Y1.148 10 J. 125 
N65 G3 X4.0659 Y1.026 I-.0212 J .0728 
N66 G2 X3.9707 Y.8199 I-.095I J-.0811 
N67 Gl X1.8621 
N68 Xl.8121 
N69 G3 X 1.6795 Y.765 10 J-.1875 
N70 G40 Gl Xl.547 Y.6324 
N71GOZ.25 
N72 GO G90 G54 Xl.547 Y.7112 S2000 M3 
N73Z.1 
N74 Gl Z-.2 F20. 
N75 G41 D29 X1.6795 Y.5786 F10. 
N76 G3 Xl.8121 Y.52371.1326 J. 1326 
N77 D29 Gl X1.8621 Y.5237 
N78 X3.97O7 
N79 G2 X4.0659 Y.3176 10 J-.125 
N80 G3 X4.1447 Y. 19561.0577 J-.0492 
N81 G2 X4.1796 Y.2006 L0349 J-.12 
N82G1 X5.1729 
N83 G2 X5.2763 Y.1458 10 J-.125 
N84 G3 X5.3008 Yl.1931 L7464 J.5065 
N85 G2 X5.2007 Y1.143 I-.l J.0749 
N86 Gl X4.1796 
N87 G2 X4.1447 Y1.148 10 J. 125 
N88 G3 X4.0659 Y1.0261-.0212 J .0728 
N89 G2 X3.9707 Y.8199 1.0951 J.0811 
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N90 Gl X1.8621 
N91 Xl.8121 
N92 G3 XI.6795 Y.765 10 J-.1875 
N93 G40 Gl Xl.547 Y.6324 
N94G0Z.25 
N95 GO G90 G54 Xl.547 Y.7112 S2000 M3 
N96Z.1 
N97 Gl Z-.25 F20. 
N98 G41 D29 X1.6795 Y.5786 F10. 
N99 G3 Xl.8121 Y.5237 1.1326 J. 1326 
N100 D29 Gl X1.8621 Y.5237 
N101 X3.9707 
N102 G2 X4.0659 Y.317610 J .125 
N103 G3 X4.1447 Y.1956 1.0577 J-.0492 
N104 G2 X4.1796 Y.2006 1.0349 J-.12 
N105G1 X5.1729 
N106 G2 X5.2763 Y.1458 10 J .125 
N107 G3 X5.3008 Yl.19311.7464 J.5065 
N108 G2 X5.2007 Y1.143 I-.l J.0749 
N109G1 X4.1796 
N110 G2 X4.1447 Y1.148 10 J.125 
Nlll G3 X4.0659 Yl.026 I-.0212 J-.0728 
N112 G2 X3.9707 Y.81991-.0951 J-.0811 
N113G1 X1.8621 
N114 Xl.8121 
Nl 15 G3 XI.6795 Y.765 10 J-.1875 
N116 G40 Gl Xl.547 Y.6324 
N117 G0Z.25 
Nl 18 GO G90 G54 Xl.547 Y.7112 S2000 M3 
N119Z.1 
N120G1Z-.3F20. 
N121 G41 D29 X1.6795 Y.5786 F10. 
N122 G3 Xl.8121 Y.5237 1.1326 J. 1326 
N123 D29 Gl X1.8621 Y.5237 
N124 X3.9707 
N125 G2 X4.0659 Y.317610 J-.125 
N126 G3 X4.1447 Y.1956 1.0577 J-.0492 
N127 G2 X4.1796 Y.2006 1.0349 J-.12 
N128 Gl X5.1729 
N129 G2 X5.2763 Y.1458 10 J-.125 
N130 G3 X5.3008 Yl.19311.7464 J.5065 
N131 G2 X5.2007 Y1.143 I-.l J.0749 
N132G1 X4.1796 
N133 G2 X4.1447 Y1.148 10 J.125 
N134 G3 X4.0659 Yl.0261-.0212 J-.0728 
N135 G2 X3.9707 Y.81991-.0951 J-.0811 
N136 Gl X1.8621 
N137 Xl.8121 
N138 G3 X1.6795 Y.76510 J-.1875 
132 
N139 G40 Gl Xl.547 Y.6324 
N140 GO Z.25 
N141 GO G90 G54 Xl.547 Y.7112 S2000 M3 
N142Z.1 
N143 Gl Z 35 F20. 
N144 G41 D29 X1.6795 Y.5786 FIO. 
N145 G3 Xl.8121 Y.52371.1326 J. 1326 
N146 D29 Gl X1.8621 Y.5237 
N147 X3.9707 
N148 G2 X4.0659 Y.317610 J .125 
N149 G3 X4.1447 Y.1956 1.0577 J .0492 
N150 G2 X4.1796 Y.2006 1.0349 J-.12 
N151 Gl X5.1729 
N152 G2 X5.2763 Y.1458 10 J-.125 
N153 G3 X5.3008 Yl.1931 L7464 J.5065 
N154 G2 X5.2007 Y1.143 I-.l J.0749 
N155 Gl X4.1796 
N156 G2 X4.1447 Y1.148 10 J.125 
N157 G3 X4.0659 Yl.0261 .0212 J-.0728 
N158 G2 X3.9707 Y.8199 I-.0951 J-.0811 
N159 Gl X1.8621 
N160 Xl.8121 
N161 G3 XI.6795 Y.765 10 J-.1875 
N162 G40 Gl Xl.547 Y.6324 
N163G0Z.25 
N164 GO G90 G54 Xl.547 Y.7112 S2000 M3 
N165Z.I 
N166 Gl Z-.4 F20. 
N167 G41 D29 X1.6795 Y.5786 FIO. 
N168 G3 Xl.8121 Y.52371.1326 J. 1326 
N169 D29 Gl X1.8621 Y.5237 
N170 X3.9707 
N171 G2 X4.0659 Y.3176 10 J-.125 
N172 G3 X4.1447 Y.1956 1.0577 J-.0492 
N173 G2 X4.1796 Y.20061.0349 J-. 12 
N174G1 X5.1729 
N175 G2 X5.2763 Y.1458 10 J-.125 
N176 G3 X5.3008 Yl.19311.7464 J.5065 
N177 G2 X5.2007 Y1.143 I-.l J.0749 
N178 Gl X4.1796 
N179 G2 X4.1447 Y1.148 10 J.125 
N180 G3 X4.0659 Yl.026 I-.0212 J-.0728 
N181 G2 X3.97O7 Y.81991-.0951 J-.0811 
N182G1 X1.8621 
N183 Xl.8121 
N184 G3 XI.6795 Y.765 10 J-.1875 
N185 G40 Gl Xl.547 Y.6324 
N186G0Z.25 
N187 G0G90G54 Xl.547 Y.7112 S2000 M3 
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N188Z.1 
N189 Gl Z-.45 F20. 
N190 G41 D29 X1.6795 Y.5786 FIO. 
N191 G3 Xl.8121 Y.52371.1326 J. 1326 
N192 D29 Gl X1.8621 Y.5237 
N193 X3.9707 
N194 G2 X4.0659 Y.317610 J-.125 
N195 G3 X4.1447 Y.19561.0577 J .0492 
N196 G2 X4.1796 Y.2006 L0349 J .12 
N197G1 X5.1729 
N198 G2 X5.2763 Y.1458 10 J .125 
N199 G3 X5.3008 Yl.19311.7464 J.5065 
N200 G2 X5.2007 Y1.143 I-.l J.0749 
N201 Gl X4.1796 
N202 G2 X4.1447 Y1.148 10 J.125 
N203 G3 X4.0659 Yl.0261-.0212 J-.0728 
N204 G2 X3.9707 Y.8199 1.0951 J-.0811 
N205 Gl X1.8621 
N206 Xl.8121 
N207 G3 XI.6795 Y.765 10 J-.1875 
N208 G40 Gl Xl.547 Y.6324 
N209 GO Z.25 
N210 GO G90 G54 Xl.547 Y.7112 S2000 M3 
N211Z.1 
N212 Gl Z-.5 F20. 
N213 G41 D29 X1.6795 Y.5786 FIO. 
N214 G3 Xl.8121 Y.5237 1.1326 J. 1326 
N215 D29 Gl X1.8621 Y.5237 
N216 X3.9707 
N217 G2 X4.0659 Y.317610 J-.125 
N218 G3 X4.1447 Y.1956 1.0577 J-.0492 
N219 G2 X4.1796 Y.2006 1.0349 J-.12 
N220G1 X5.1729 
N221 G2 X5.2763 Y.1458 10 J-.125 
N222 G3 X5.3008 Yl.19311.7464 J.5065 
N223 G2 X5.2007 Y1.143 I-.l J.0749 
N224 Gl X4.1796 
N225 G2 X4.1447 Y1.148 10 J.125 
N226 G3 X4.0659 Yl.0261-.0212 J-.0728 
N227 G2 X3.9707 Y.8199 I-.0951 J-.0811 
N228 Gl X1.8621 
N229 Xl.8121 
N230 G3 XI.6795 Y.765 10 J-.1875 
N231 G40G1 Xl.547 Y.6324 
N232 GO Z.25 
N233 GO G90 G54 Xl.547 Y.7112 S2000 M3 
N234Z.1 
N235 Gl Z-.55 F20. 
N236 G41 D29 X1.6795 Y.5786 FIO. 
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N237 G3 Xl.8121 Y.5237 L1326 J.1326 
N238 D29 Gl X1.8621 Y.5237 
N239 X3.9707 
N240 G2 X4.0659 Y.317610 J-. 125 
N241 G3 X4.1447 Y.19561.0577 J .0492 
N242 G2 X4.1796 Y.20061.0349 J-.12 
N243 Gl X5.1729 
N244 G2 X5.2763 Y.1458 10 J .125 
N245 G3 X5.3008 Yl.1931 L7464 J.5065 
N246 G2 X5.2007 Y1.143 I-.l J.0749 
N247 Gl X4.1796 
N248 G2 X4.1447 Y1.148 10 J.125 
N249 G3 X4.0659 Yl.0261-.0212 J-.0728 
N250 G2 X3.9707 Y.8199 I-.0951 J-.0811 
N251 Gl X1.8621 
N252 Xl.8121 
N253 G3 XI.6795 Y.765 10 J-. 1875 
N254 G40 Gl Xl.547 Y.6324 
N255 GO Z.25 
N256 GO G90 G54 Xl.547 Y.7112 S2000 M3 
N257Z.1 
N258 Gl Z 6 F20. 
N259 G41 D29 X1.6795 Y.5786 FIO. 
N260 G3 Xl.8121 Y.5237 1.1326 J.1326 
N261 D29 Gl X1.8621 Y.5237 
N262 X3.9707 
N263 G2 X4.0659 Y.3176 10 J-. 125 
N264 G3 X4.1447 Y.19561.0577 J-.0492 
N265 G2 X4.1796 Y.2006 1.0349 J-.12 
N266G1 X5.1729 
N267 G2 X5.2763 Y.1458 10 J-.125 
N268 G3 X5.3008 Yl.19311.7464 J.5065 
N269 G2 X5.2007 Y1.143 I-.l J.0749 
N270G1 X4.1796 
N271 G2 X4.1447 Y1.148 10 J.125 
N272 G3 X4.0659 Yl.0261-.0212 J-.0728 
N273 G2 X3.9707 Y.8199 I-.0951 J-.0811 
N274 Gl X1.8621 
N275 Xl.8121 
N276 G3 XI.6795 Y.765 10 J-.1875 
N277 G40 Gl Xl.547 Y.6324 
N278 GO Z.25 
N279 G0G90G54 Xl.547 Y.7112 S2000 M3 
N280Z.1 
N281 Gl Z-.65 F20. 
N282 G41 D29 X1.6795 Y.5786 FIO. 
N283 G3 Xl.8121 Y.5237 L1326 J.1326 
N284 D29 Gl X1.8621 Y.5237 
N285 X3.9707 
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N286 G2 X4.0659 Y.3176 10 J-.125 
N287 G3 X4.1447 Y.1956 L0577 J .0492 
N288 G2 X4.1796 Y.20061.0349 J .12 
N289 G1 X5.1729 
N290 G2 X5.2763 Y.145810 J .125 
N291 G3 X5.3008 Yl.19311.7464 J.5065 
N292 G2 X5.2007 Y 1.143 I-.l J.0749 
N293 G1 X4.1796 
N294 G2 X4.1447 Y1.148 10 J.125 
N295 G3 X4.0659 Yl.0261.0212 J-.0728 
N296 G2 X3.9707 Y.8199 1.0951 J .0811 
N297 G1 X1.8621 
N298 X1.8121 
N299 G3 XI.6795 Y.765 10 J-.1875 
N300 G40G1 X1.547 Y.6324 
N301 GO Z.25 
N302 GO G90 G54 X1.547 Y.7112 S2000 M3 
N303Z.1 
N304G1Z-.7F20. 
N305 G41 D29 X1.6795 Y.5786 F10. 
N306 G3 X1.8121 Y.52371.1326 J. 1326 
N307 D29 Gl X1.8621 Y.5237 
N308 X3.9707 
N309 G2 X4.0659 Y.317610 J-. 125 
N310 G3 X4.1447 Y.19561.0577 J .0492 
N311 G2 X4.1796 Y.2006 L0349 J .12 
N312G1 X5.1729 
N313 G2 X5.2763 Y.145810 J. 125 
N314 G3 X5.3008 Yl.19311.7464 J.5065 
N315 G2 X5.2007 Y1.143 I-.l J.0749 
N316G1 X4.1796 
N317 G2 X4.1447 Y1.148 10 J.125 
N318 G3 X4.0659 Yl.0261-.0212 J-.0728 
N319 G2 X3.9707 Y.8199 I-.0951 J-.0811 
N320GI X1.8621 
N321 X1.8121 
N322 G3 XI.6795 Y.765 10 J-.1875 
N323 G40 Gl X1.547 Y.6324 
N324 GO Z.25 
N325 G0G90G54 X1.547 Y.7112 S2000 M3 
N326Z.1 
N327 Gl Z-.75 F20. 
N328 G41 D29 X1.6795 Y.5786 F10. 
N329 G3 X1.8121 Y.52371.1326 J. 1326 
N330 D29 Gl X1.8621 Y.5237 
N331 X3.9707 
N332 G2 X4.0659 Y.317610 J .125 
N333 G3 X4.1447 Y.19561.0577 J-.0492 
N334 G2 X4.I796 Y.2006 L0349 J.12 
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N335 Gl X5.1729 
N336 G2 X5.2763 Y. 1458 10 J-.125 
N337 G3 X5.3008 Yl.19311.7464 J.5065 
N338 G2 X5.2007 Y1.143 I-.l J.0749 
N339 Gl X4.1796 
N340 G2 X4.1447 Y1.148 10 J.125 
N341 G3 X4.0659 Yl.026 I-.0212 J-.0728 
N342 G2 X3.9707 Y.81991-.0951 J-.0811 
N343 Gl X1.8621 
N344 X1.8121 
N345 G3 XI.6795 Y.765 10 J-.1875 
N346 G40 Gl X1.547 Y.6324 
N347 GO Z.25 
N348 G0G90G54 X 1.547 Y.7112 S2000 M3 
N349Z.1 
N350 Gl Z-.8 F20. 
N351 G41 D29 X1.6795 Y.5786 F10. 
N352 G3 X1.8121 Y.5237 1.1326 J.1326 
N353 D29 Gl X1.8621 Y.5237 
N354 X3.9707 
N355 G2 X4.0659 Y.3176 10 J . 125 
N356 G3 X4.1447 Y.19561.0577 J-.0492 
N357 G2 X4.1796 Y.20061.0349 J . 12 
N358 Gl X5.1729 
N359 G2 X5.2763 Y.1458 10 J-.125 
N360 G3 X5.3008 Yl.19311.7464 J.5065 
N361 G2 X5.2007 Y1.143 I-.l J.0749 
N362 Gl X4.1796 
N363 G2 X4.1447 Y1.148 10 J.125 
N364 G3 X4.0659 Yl.0261.0212 J-.0728 
N365 G2 X3.9707 Y.8199 I-.0951 J-.0811 
N366 Gl X1.8621 
N367 X1.8121 
N368 G3 X 1.6795 Y.765 10 J-.1875 
N369 G40 Gl X1.547 Y.6324 
N370 GO Z.25 
N371 G0G90 G54 X1.547 Y.7112 S2000 M3 
N372Z.1 
N373 Gl Z-.85 F20. 
N374 G41 D29 XI .6795 Y.5786 F10. 
N375 G3 X1.8121 Y.52371.1326 J.1326 
N376 D29 Gl X1.8621 Y.5237 
N377 X3.97O7 
N378 G2 X4.0659 Y.317610 J .125 
N379 G3 X4.1447 Y.1956 L0577 J-.0492 
N380 G2 X4.1796 Y.20061.0349 J. 12 
N381 Gl X5.1729 
N382 G2 X5.2763 Y.145810 J-.125 
N383 G3 X5.3008 Yl.19311.7464 J.5065 
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N384 G2 X5.2007 Y1.143 I-.l J.0749 
N385 Gl X4.1796 
N386 G2 X4.1447 Y1.148 10 J.125 
N387 G3 X4.0659 Yl.0261-.0212 J-.0728 
N388 G2 X3.9707 Y.8199 I-.0951 J-.0811 
N389 Gl X1.8621 
N390 X1.8121 
N391 G3 XI.6795 Y.765 10 J-.1875 
N392 G40 Gl X1.547 Y.6324 
N393 GO Z.25 
N394 GO G90 G54 X1.547 Y.7112 S2000 M3 
N395 Z.1 
N396GIZ-.9F20. 
N397 G41 D29 XI .6795 Y.5786 F10. 
N398 G3 X1.8121 Y.5237 1.1326 J.1326 
N399 D29 Gl X1.8621 Y.5237 
N400 X3.9707 
N401 G2 X4.0659 Y.317610 J-. 125 
N402 G3 X4.1447 Y.1956 1.0577 J-.0492 
N403 G2 X4.1796 Y.2006 1.0349 J-.12 
N404 Gl X5.1729 
N405 G2 X5.2763 Y.1458 10 J-.125 
N406 G3 X5.3008 Yl.19311.7464 J.5065 
N407 G2 X5.2007 Y1.143 I-.l J.0749 
N408G1 X4.1796 
N409 G2 X4.1447 Yl. 14810 J.125 
N410 G3 X4.0659 Yl.0261.0212 J-.0728 
N411 G2 X3.9707 Y.81991-.0951 J-.0811 
N412G1 X1.8621 
N413 X1.8121 
N414 G3 XI.6795 Y.765 10 J-.1875 
N415 G40 Gl XI.547 Y.6324 
N416 GO Z.25 
N4I7 GO G90 G54 X1.547 Y.7112 S2000 M3 
N418Z.1 
N419 Gl Z-.95 F20. 
N420 G41 D29 X1.6795 Y.5786 F10. 
N421 G3 XI.8121 Y.5237 1.1326 J.1326 
N422 D29 Gl X1.8621 Y.5237 
N423 X3.9707 
N424 G2 X4.0659 Y.317610 J-. 125 
N425 G3 X4.1447 Y.19561.0577 J .0492 
N426 G2 X4.1796 Y.20061.0349 J-.12 
N427 Gl X5.1729 
N428 G2 X5.2763 Y.1458 10 J-.125 
N429 G3 X5.3008 Yl.19311.7464 J.5065 
N430 G2 X5.2007 Y1.143 I-.l J.0749 
N431 Gl X4.1796 
N432 G2 X4.1447 Y1.148 10 J.125 
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N433 G3 X4.0659 Yl.026 1.0212 J-.0728 
N434 G2 X3.9707 Y.8199 1.0951 J .0811 
N435 Gl X1.8621 
N436 Xl.8121 
N437 G3 XI.6795 Y.765 10 J . 1875 
N438 G40 Gl X1.547 Y.6324 
N439 GO Z.25 
N440 G0G90G54 XL547 Y.7112 S2000 M3 
N441Z.1 
N442G1 Z-1.F20. 
N443 G41 D29 X1.6795 Y.5786 F10. 
N444 G3 Xl.8121 Y.5237 1.1326 J.1326 
N445 029 Gl X1.8621 Y.5237 
N446 X3.9707 
N447 G2 X4.0659 Y.3176 10 J .125 
N448 G3 X4.1447 Y.1956 1.0577 J .0492 
N449 G2 X4.1796 Y.2006 L0349 J .12 
N450G1 X5.1729 
N451 G2 X5.2763 Y.1458 10 J .125 
N452 G3 X5.3008 Yl.19311.7464 J.5065 
N453 G2 X5.2007 Y1.143 I-.l J.0749 
N454 Gl X4.1796 
N455 G2 X4.1447 Y1.148 10 J.125 
N456 G3 X4.0659 Yl.026 I-.0212 J-.0728 
N457 G2 X3.9707 Y.8199 I-.0951 J-.0811 
N458 Gl X1.8621 
N459 Xl.8121 
N460G3 XI.6795 Y.765 10 J-. 1875 
N461 G40 Gl X1.547 Y.6324 
N462 GO Z.25 
N463 GO G90 G54 X1.547 Y5.6876 S2000 M3 
N464Z.1 
N465 Gl Z-.05 F20. 
N466 G41 D29 X1.6795 Y5.555 F10. 
N467 G3 Xl.8121 Y5.50011.1326 J.1326 
N468 D29 Gl X1.8621 Y5.5001 
N469 X3.9707 
N470 G2 X4.0659 Y5.293910 J-.125 
N471 G3 X4.1447 Y5.1721.0577 J .0492 
N472 G2 X4.1796 Y5.1769 L0349 J-.12 
N473 Gl X5.2099 
N474 G2 X5.3134 Y5.122110 J-.125 
N475 G3 X5.3378 Y6.1695 L7464 J.5065 
N476 G2 X5.2378 Y6.1194 I-.l J.0749 
N477 Gl X4.2239 
N478 G2 X4.1889 Y6.124410 J.125 
N479 G3 X4.1101 Y6.00241.0212 J-.0728 
N480 G2 X4.015 Y5.7963 1 .0951 J-.0811 
N481 Gl X1.8621 
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N482 Xl.8121 
N483 G3 X1.6795 Y5.741410 J-.1875 
N484 G40 Gl X1.547 Y5.6088 
N485 GO Z.25 
N486 GO G90 G54 X1.547 Y5.6876 S2000 M3 
N487Z.1 
N488 Gl Z-.l F20. 
N489 G41 D29 X1.6795 Y5.555 F10. 
N490 G3 Xl.8121 Y5.50011.1326 J.1326 
N491 D29 Gl X1.8621 Y5.5001 
N492 X3.9707 
N493 G2 X4.0659 Y5.2939 10 J .125 
N494 G3 X4.1447 Y5.172 L0577 J .0492 
N495 G2 X4.1796 Y5.17691.0349 J-.12 
N496 Gl X5.2099 
N497 G2 X5.3134 Y5.122110 J .125 
N498 G3 X5.3378 Y6.1695 1.7464 J.5065 
N499 G2 X5.2378 Y6.1194 I-.l J.0749 
N500G1 X4.2239 
N501 G2 X4.1889 Y6.124410 J.125 
N502 G3 X4.1101 Y6.00241.0212 J .0728 
N503 G2 X4.015 Y5.7963 I-.0951 J-.0811 
N504 Gl X1.8621 
N505 Xl.8121 
N506 G3 X 1.6795 Y5.7414 10 J-.1875 
N507 G40 Gl XI.547 Y5.6088 
N508 GO Z.25 
N509 GO G90 G54 XI.547 Y5.6876 S2000 M3 
N510Z.1 
N5U Gl Z-.15 F20. 
N512 G41 D29 XI.6795 Y5.555 FIO. 
N513 G3 Xl.8121 Y5.50011.1326 J.1326 
N514 D29 Gl X1.8621 Y5J001 
N515 X3.9707 
N516 G2 X4.0659 Y5.2939 10 J .125 
N517 G3 X4.1447 Y5.1721.0577 J .0492 
N518 G2 X4.1796 Y5.1769 1.0349 J-.12 
N519G1 X5.2099 
N520 G2 X5 J134 Y5.122110 J-. 125 
N521 G3 X5J378 Y6.1695 1.7464 J.5065 
N522 G2 X5.2378 Y6.1194 I-.l J.0749 
N523 Gl X4.2239 
N524 G2 X4.1889 Y6.124410 J.125 
N525 G3 X4.1101 Y6.00241-.0212 J-.0728 
N526 G2 X4.015 Y5.7963 I-.0951 J-.0811 
N527 Gl X1.8621 
N528 Xl.8121 
N529 G3 X1.6795 Y5.741410 J-.1875 
N530 G40 Gl X1.547 Y5.6088 
140 
N531G0Z.25 
N532 GO G90 G54 Xl.547 Y5.6876 S2000 M3 
N533 Z.1 
N534 Gl Z 2 F20. 
N535 G41 D29 X1.6795 Y5.555 F10. 
N536 G3 Xl.8121 Y5.5001 L1326 J.1326 
N537 D29 Gl X1.8621 Y5 J001 
N538 X3.9707 
N539 G2 X4.0659 Y5.2939 10 J-.125 
N540 G3 X4.1447 Y5.1721.0577 J .0492 
N541 G2 X4.1796 Y5.1769 1.0349 J .12 
N542 Gl X5.2099 
N543 G2 X53134 Y5.122110 J-.125 
N544 G3 X5.3378 Y6.1695 1.7464 J.5065 
N545 G2 X5.2378 Y6.1194 I-.l J.0749 
N546 Gl X4.2239 
N547 G2 X4.1889 Y6.124410 J.125 
N548 G3 X4.1101 Y6.00241-.0212 J-.0728 
N549 G2 X4.015 Y5.7963 I-.0951 J .0811 
N550G1 X1.8621 
N551 Xl.8121 
N552 G3 XI.6795 Y5.741410 J-.1875 
N553 G40 Gl Xl.547 Y5.6088 
N554 GO Z.25 
N555 GO G90 G54 Xl.547 Y5.6876 S2000 M3 
N556 Z.1 
N557 Gl Z-.25 F20. 
N558 G41 D29 XI.6795 Y5.555 F10. 
N559 G3 Xl.8121 Y5.5001 L1326 J.1326 
N560 D29 Gl X1.8621 Y5.5001 
N561 X3.9707 
N562 G2 X4.0659 Y5.2939 10 J-.125 
N563 G3 X4.1447 Y5.1721.0577 J-.0492 
N564 G2 X4.1796 Y5.1769 L0349 J-.12 
N565 Gl X5.2099 
N566 G2 X5.3134 Y5.122110 J-.125 
N567 G3 X5.3378 Y6.1695 1.7464 J.5065 
N568 G2 X5.2378 Y6.1194 I-.l J.0749 
N569 Gl X4.2239 
N570 G2 X4.1889 Y6.124410 J.125 
N571 G3 X4.1101 Y6.00241-.0212 J-.0728 
N572 G2 X4.015 Y5.7963 1.0951 J-.0811 
N573 Gl X1.8621 
N574 Xl.8121 
N575 G3 X 1.6795 Y5.741410 J-.1875 
N576 G40 Gl Xl.547 Y5.6088 
N577 GO Z.25 
N578 GO G90 G54 Xl.547 Y5.6876 S2000 M3 
N579Z.1 
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N580 Gl Z 3 F20. 
N581 G41 D29 X1.6795 Y5.555 F10. 
N582 G3 Xl.8121 Y5.50011.1326 J.1326 
N583 D29 Gl X1.8621 Y5.5001 
N584 X3.9707 
N585 G2 X4.0659 Y5.293910 J-.125 
N586 G3 X4.1447 Y5.1721.0577 J-.0492 
N587 G2 X4.1796 Y5.1769 L0349 J-.12 
N588 Gl X5.2099 
N589 G2 X5.3134 Y5.122110 J-.125 
N590 G3 X5.3378 Y6.1695 L7464 J.5065 
N591 G2 X5.2378 Y6.1194 I-.l J.0749 
N592 Gl X4.2239 
N593 G2 X4.1889 Y6.124410 J.125 
N594 G3 X4.1101 Y6.00241-.0212 J-.0728 
N595 G2 X4.015 Y5.7963 I-.0951 J-.0811 
N596 Gl X1.8621 
N597 Xl.8121 
N598 G3 XI.6795 Y5.741410 J-.1875 
N599 G40 GI Xl.547 Y5.6088 
N60OGOZ.25 
N601 G0G90G54 Xl.547 Y5.6876 S2000 M3 
N602Z.I 
N603 Gl Z 35 F20. 
N604 G41 D29 X1.6795 Y5.555 F10. 
N605 G3 Xl.8121 Y5.50011.1326 J.1326 
N606 D29 Gl X1.8621 Y5.5001 
N607 X3.9707 
N608 G2 X4.0659 Y5.2939 10 J-.125 
N609 G3 X4.1447 Y5.1721.0577 J-.0492 
N610 G2 X4.1796 Y5.17691.0349 J-.12 
N611G1 X5.2099 
N612 G2 X5.3134 Y5.122110J-.125 
N613 G3 X5.3378 Y6.1695 1.7464 J.5065 
N614 G2 X5.2378 Y6.1194 I-.l J.0749 
N615 Gl X4.2239 
N616 G2 X4.1889 Y6.124410 J.125 
N617 G3 X4.1101 Y6.00241-.0212 J-.O728 
N618 G2 X4.015 Y5.7963 I-.0951 J-.0811 
N619G1 X1.8621 
N620 Xl.8121 
N621 G3 X1.6795 Y5.741410 J-.1875 
N622 G40 Gl Xl.547 Y5.6088 
N623 GO Z.25 
N624 GO G90 G54 Xl.547 Y5.6876 S2000 M3 
N625Z.1 
N626G1 Z-.4F20. 
N627 G41 D29 X1.6795 Y5.555 F10. 
N628G3 Xl.8121 Y5J001 L1326 J.1326 
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N629 D29 Gl X1.8621 Y5J001 
N630 X3.9707 
N631 G2 X4.0659 Y5.293910 J .125 
N632 G3 X4.1447 Y5.1721.0577 J .0492 
N633 G2 X4.1796 Y5.1769 L0349 J .12 
N634 Gl X5.2099 
N635 G2 X5.3134 Y5.122110 J .125 
N636 G3 X5.3378 Y6.1695 1.7464 J.5065 
N637 G2 X5.2378 Y6.1194 I-.l J.0749 
N638 Gl X4.2239 
N639 G2 X4.1889 Y6.124410 J.125 
N640 G3 X4.1101 Y6.00241-.0212 J-.0728 
N641 G2 X4.015 Y5.7963 I-.0951 J-.0811 
N642 Gl X1.8621 
N643 Xl.8121 
N644 G3 X1.6795 Y5.741410 J-.1875 
N645 G40 Gl Xl.547 Y5.6088 
N646 GO Z.25 
N647 GO G90 G54 Xl.547 Y5.6876 S2000 M3 
N648Z.1 
N649 Gl Z-.45 F20. 
N650 G41 D29 XI .6795 Y5.555 F10. 
N651 G3 Xl.8121 Y5.50011.1326 J.1326 
N652 D29 Gl X1.8621 Y5.5001 
N653 X3.9707 
N654 G2 X4.0659 Y5.2939 10 J .125 
N655 G3 X4.1447 Y5.172 L0577 J-.0492 
N656 G2 X4.1796 Y5.17691.0349 J-.12 
N657 Gl X5.2099 
N658 G2 X5.3134 Y5.122110 J-.125 
N659 G3 X5.3378 Y6.1695 1.7464 J.5065 
N660 G2 X5.2378 Y6.1194 I-.l J.0749 
N661 Gl X4.2239 
N662 G2 X4.1889 Y6.124410 J.125 
N663 G3 X4.1101 Y6.00241-.0212 J-.0728 
N664 G2 X4.015 Y5.7963 I-.0951 J-.0811 
N665 Gl X1.8621 
N666 Xl.8121 
N667 G3 X1.6795 Y5.741410 J-.1875 
N668 G40 Gl Xl.547 Y5.6088 
N669 GO Z.25 
N670 GO G90 G54 Xl.547 Y5.6876 S2000 M3 
N671 Z.1 
N672 Gl Z-.5 F20. 
N673 G41 D29 X1.6795 Y5 J55 F10. 
N674 G3 Xl.8121 Y5 J001 L1326 J.1326 
N675 D29 Gl X1.8621 Y5.5001 
N676 X3.9707 
N677 G2 X4.0659 Y5.293910 J .125 
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N678 G3 X4.1447 Y5.172 L0577 J-.0492 
N679 G2 X4.1796 Y5.1769 L0349 J. 12 
N680 Gl X5.2099 
N681 G2X5.3134 Y5.122110 J .125 
N682 G3 X5.3378 Y6.1695 L7464 J.5065 
N683 G2 X5.2378 Y6.1194 I-.l J.0749 
N684 G1X4.2239 
N685 G2 X4.1889 Y6.124410 J.125 
N686 G3 X4.1101 Y6.00241-.0212 J-.0728 
N687 G2 X4.015 Y5.7963 I-.0951 J-.0811 
N688 Gl X1.8621 
N689 Xl.8121 
N690 G3 XI.6795 Y5.741410 J-.1875 
N691 G40G1 Xl.547 Y5.6088 
N692 GO Z.25 
N693 GO G90 G54 Xl.547 Y5.6876 S2000 M3 
N694Z.1 
N695 Gl Z-.55 F20. 
N696 G41 D29 X1.6795 Y5.555 F10. 
N697 G3 Xl.8121 Y5.50011.1326 J.1326 
N698 D29G1 X1.8621 Y5.5001 
N699 X3.9707 
N700 G2 X4.0659 Y5.2939 10 J-.125 
N701 G3 X4.1447 Y5.1721.0577 J-.0492 
N702 G2 X4.I796 Y5.1769 1.0349 J-.12 
N703 Gl X5.2099 
N704 G2 X5.3134 Y5.122110 J-.125 
N705 G3 X5.3378 Y6.1695 1.7464 J.5065 
N706 G2 X5.2378 Y6.1194 I-.l J.0749 
N707 Gl X4.2239 
N708 G2 X4.1889 Y6.1244 10 J. 125 
N709 G3 X4.1101 Y6.0024 I-.0212 J-.0728 
N710 G2 X4.015 Y5.79631-.0951 J-.0811 
N711G1 X1.8621 
N712 Xl.8121 
N713 G3 X 1.6795 Y5.7414 10 J-.1875 
N714 G40 Gl Xl.547 Y5.6088 
N715G0Z.25 
N716G0G90 G54 Xl.547 Y5.6876 S2000 M3 
N717Z1 
N718 Gl Z-.6 F20. 
N719 G41 D29 X 1.6795 Y5.555 F10. 
N720G3 Xl.8121 Y5J0011.1326 J.1326 
N721 D29 Gl X1.8621 Y5.5001 
N722 X3.9707 
N723 G2 X4.0659 Y5.2939 10 J-.125 
N724 G3 X4.1447 Y5.172 L0577 J-.0492 
N725 G2 X4.1796 Y5.1769 L0349 J-.12 
N726 Gl X5.2099 
N727 G2 X5.3134 Y5.122110 J. 125 
N728 G3 X5.3378 Y6.1695 1.7464 J.5065 
N729 G2 X5.2378 Y6.1194 I-.l J.0749 
N730 Gl X4.2239 
N731 G2 X4.1889 Y6.124410 J.125 
N732 G3 X4.1101 Y6.00241-.0212 J-.0728 
N733 G2 X4.015 Y5.7963 I-.0951 J .0811 
N734G1 X1.8621 
N735 Xl.8121 
N736 G3 XI.6795 Y5.7414 10 J-.1875 
N737 G40 Gl Xl.547 Y5.6088 
N738GOZ.25 
N739 GO G90 G54 Xl.547 Y5.6876 S2000 M3 
N740Z.1 
N741 Gl Z-.65 F20. 
N742 G41 D29 Xl.6795 Y5.555 F10. 
N743 G3 Xl.8121 Y5.50011.1326 J.1326 
N744 D29 Gl X1.8621 Y5.5001 
N745 X3.9707 
N746 G2 X4.0659 Y5.2939 10 J-.125 
N747 G3 X4.1447 Y5.172 1.0577 J-.0492 
N748 G2 X4.1796 Y5.17691.0349 J .12 
N749 Gl X5.2099 
N750 G2 X5.3134 Y5.122110 J-.125 
N751 G3 X5.3378 Y6.1695 1.7464 J.5065 
N752 G2 X5.2378 Y6.11941-. 1 J.0749 
N753 Gl X4.2239 
N754 G2 X4.1889 Y6.124410 J. 125 
N755 G3 X4.1101 Y6.00241-.0212 J .0728 
N756 G2 X4.015 Y5.79631-.0951 J-.08U 
N757 Gl X1.8621 
N758 Xl.8121 
N759 G3 Xl.6795 Y5.7414 10 J-.1875 
N760 G40 Gl Xl.547 Y5.6088 
N761GOZ.25 
N762 G0G90G54 Xl.547 Y5.6876 S2000 M3 
N763Z.1 
N764G1Z-.7F20. 
N765 G41 D29 Xl.6795 Y5.555 F10. 
N766 G3 Xl.8121 Y5.5001 L1326 J.1326 
N767 D29 Gl X1.8621 Y5.5001 
N768 X3.9707 
N769 G2 X4.0659 Y5.2939 10 J-.125 
N770 G3 X4.1447 Y5.172 L0577 J-.0492 
N771 G2 X4.1796 Y5.17691.0349 J. 12 
N772 Gl X5.2099 
N773 G2 X5.3134 Y5.122110 J-. 125 
N774 G3 X5.3378 Y6.1695 L7464 J.5065 
N775 G2 X5.2378 Y6.1194 I-.l J.0749 
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N776 Gl X4.2239 
N777 G2 X4.1889 Y6.124410 J.125 
N778 G3 X4.1101 Y6.00241-.0212 J-.0728 
N779 G2 X4.015 Y5.7963 1.0951 J .0811 
N780 Gl X1.8621 
N781 Xl.8121 
N782 G3 Xl.6795 Y5.741410 J .1875 
N783 G40 Gl Xl.547 Y5.6088 
N784 GO Z.25 
N785 GO G90 G54 Xl.547 Y5.6876 S2000 M3 
N786Z.1 
N787 Gl Z-.75 F20. 
N788 G41 D29 Xl.6795 Y5.555 F10. 
N789 G3 Xl.8121 Y5.50011.1326 J.1326 
N790 D29 Gl X1.8621 Y5.5001 
N791 X3.9707 
N792 G2 X4.0659 Y5.2939 10 J-.125 
N793 G3 X4.1447 Y5.1721.0577 J-.0492 
N794 G2 X4.1796 Y5.1769 1.0349 J-.12 
N795 Gl X5.2099 
N796 G2 X5.3134 Y5.122110 J .125 
N797 G3 X5.3378 Y6.1695 1.7464 J.5065 
N798 G2 X5.2378 Y6.1194 I-.l J.0749 
N799 Gl X4.2239 
N800 G2 X4.1889 Y6.124410 J.125 
N801 G3 X4.1101 Y6.00241-.0212 J-.0728 
N802 G2 X4.015 Y5.7963 I-.0951 J-.0811 
N803 Gl Xl.8621 
N804 Xl.8121 
N805 G3 Xl.6795 Y5.7414 10 J-.1875 
N806 G40 Gl Xl.547 Y5.6088 
N807 GO Z.25 
N808 GO G90 G54 Xl.547 Y5.6876 S2000 M3 
N809Z.1 
N810G1Z-.8F20. 
N811G41 D29 Xl.6795 Y5.555 F10. 
N812G3 Xl.8121 Y5J0011.1326 J.1326 
N813 D29 Gl Xl.8621 Y5.5001 
N814 X3.9707 
N815 G2 X4.0659 Y5.2939 10 J .125 
N816 G3 X4.1447 Y5.1721.0577 J-.0492 
N817 G2 X4.1796 Y5.1769 1.0349 J-.12 
N818G1 X5.2099 
N819 G2 X53134 Y5.122110 J-.125 
N820 G3 X5.3378 Y6.16951.7464 J.5065 
N821 G2 X5.2378 Y6.1194 I-.l J.0749 
N822 Gl X4.2239 
N823 G2 X4.1889 Y6.124410 J.125 
N824 G3 X4.1101 Y6.00241-.0212 J-.0728 
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N825 G2 X4.015 Y5.7963 1.0951 J .0811 
N826G1 Xl.8621 
N827 Xl.8121 
N828 G3 Xl.6795 Y5.741410 J-.1875 
N829 G40 Gl Xl.547 Y5.6088 
N830G0Z.25 
N831 G0G90 G54 Xl.547 Y5.6876 S2000 M3 
N832Z.1 
N833 Gl Z-.85 F20. 
N834 G41 D29 Xl.6795 Y5.555 F10. 
N835 G3 Xl.8121 Y5.50011.1326 J.1326 
N836 D29 Gl Xl.8621 Y5.5001 
N837 X3.97O7 
N838 G2 X4.0659 Y5.2939 10 J .125 
N839 G3 X4.1447 Y5.1721.0577 J .0492 
N840 G2 X4.1796 Y5.1769 1.0349 J .12 
N841 Gl X5.2099 
N842 G2X5.3134 Y5.122110 J .125 
N843 G3 X5.3378 Y6.1695 1.7464 J.5065 
N844 G2 X5.2378 Y6.1194 I-.l J.0749 
N845 Gl X4.2239 
N846 G2 X4.1889 Y6.1244 10 J. 125 
N847 G3 X4.1101 Y6.0024 I-.0212 J-.0728 
N848 G2 X4.015 Y5.7963 I-.0951 J-.0811 
N849G1 Xl.8621 
N850 Xl.8121 
N851 G3 Xl.6795 Y5.7414 10 J-.1875 
N852 G40 Gl Xl.547 Y5.6088 
N853 GO Z.25 
N854 GO G90 G54 Xl.547 Y5.6876 S2000 M3 
N855 Z.1 
N856G1Z-.9F20. 
N857 G41 D29 Xl.6795 Y5.555 FIO. 
N858 G3 Xl.8121 Y5.50011.1326 J.1326 
N859 D29 Gl Xl.8621 Y5.5001 
N860 X3.9707 
N861 G2 X4.0659 Y5.2939 10 J-.125 
N862 G3 X4.1447 Y5.1721.0577 J-.0492 
N863 G2 X4.1796 Y5.1769 1.0349 J-.12 
N864G1 X5.2099 
N865 G2 X5.3134 Y5.122110 J .125 
N866 G3 X5J378 Y6.1695 L7464 J.5065 
N867 G2 X5.2378 Y6.1194 I-.l J.0749 
N868 Gl X4.2239 
N869 G2 X4.1889 Y6.124410 J.125 
N870 G3 X4.HOl Y6.00241-.0212 J-.0728 
N871 G2 X4.015 Y5.7963 I-.0951 J-.0811 
N872G1 Xl.8621 
N873 Xl.8121 
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N874 G3 Xl.6795 Y5.7414 10 J-.1875 
N875 G40 Gl Xl.547 Y5.6088 
N876 GO Z.25 
N877 GO G90 G54 Xl.547 Y5.6876 S2000 M3 
N878 Z.1 
N879 Gl Z-.95 F20. 
N880 G41 D29 Xl.6795 Y5.555 F10. 
N881 G3 Xl.8121 Y5.50011.1326 J.1326 
N882 D29 Gl Xl.8621 Y5 J001 
N883 X3.9707 
N884 G2 X4.0659 Y5.2939 10 J .125 
N885 G3 X4.1447 Y5.172 L0577 J.0492 
N886 G2 X4.1796 Y5.1769 1.0349 J-.12 
N887 Gl X5.2099 
N888 G2 X5.3134 Y5.122110 J .125 
N889 G3 X5.3378 Y6.1695 L7464 J.5065 
N890 G2 X5.2378 Y6.1194 I-.l J.0749 
N891 Gl X4.2239 
N892 G2 X4.1889 Y6.124410 J.125 
N893 G3 X4.1101 Y6.00241-.0212 J-.0728 
N894 G2 X4.015 Y5.7963 I-.0951 J-.0811 
N895 Gl Xl.8621 
N896 Xl.8121 
N897 G3 Xl.6795 Y5.7414 10 J-.1875 
N898 G40 Gl Xl.547 Y5.6088 
N899 GO Z.25 
N900 G0G90G54 Xl.547 Y5.6876 S2000 M3 
N901Z.1 
N902 Gl Z-l. F20. 
N903 G41 D29 Xl.6795 Y5.555 F10. 
N904 G3 Xl.8121 Y5.50011.1326 J.1326 
N905 D29 Gl Xl.8621 Y5.5001 
N906 X3.9707 
N907 G2 X4.0659 Y5.293910 J-.125 
N908 G3 X4.1447 Y5.1721.0577 J-.0492 
N909 G2 X4.1796 Y5.1769 1.0349 J-.12 
N910G1 X5.2099 
N911 G2X5.3l34Y5.l22l I0J-.125 
N912 G3 X5.3378 Y6.1695 1.7464 J.5065 
N913 G2 X5.2378 Y6.1194 I-.l J.0749 
N914 Gl X4.2239 
N915 G2 X4.1889 Y6.124410 J.125 
N916 G3 X4.1101 Y6.00241-.0212 J-.0728 
N917 G2 X4.015 Y5.7963 1.0951 J-.0811 
N918G1 Xl.8621 
N919 Xl.8121 
N920 G3 Xl.6795 Y5.741410 J-.1875 
N921 G40 Gl Xl.547 Y5.6088 
N922 GO Z.25 M9 
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N923 G91 G28 ZO M19 
N924 G28 XO YO 
N925M1 
N926 M6(PUTTING THE FIRST TOOL BACK INTO SPINDLE) 
N927 M30 
Second mold: 
%:0001 
NI M6T12 
N2 (1/2 "End Mill) 
N3 GO G90 G54 X6.7865 Y5.747 S1000 M3 
N4 G43 Z.1 H12 M8 
N5 Gl Z-.05 F2. 
N6 G3 1.125 JO F5. 
N7 G 1X7.0365 
N8 G3 1.375 JO 
N9G1 X7.2865 
N10 G3 1.625 JO 
Nil Gl X7.5365 
N12 G3 I-.875 JO 
N13GOZ.25 
N14 GO G90 G54 X6.7865 Y5.747 S1000 M3 
N15 Z.05 
N16G1Z-.1F2. 
N17G31.125J0F5. 
N18 Gl X7.0365 
N19 G3 I-.375 JO 
N20G1 X7.2865 
N21 G3 1 .625 JO 
N22G1 X7.5365 
N23 G3 I-.875 JO 
N24 GO Z.25 
N25G0G90G54 X6.7865 Y5.747 S1000 M3 
N26Z0 
N27 Gl Z-.15 F2. 
N28 G3 1.125 JO F5. 
N29 Gl X7.0365 
N30 G3 1.375 JO 
N31 Gl X7.2865 
N32 G3 1 .625 JO 
N33 Gl X7.5365 
N34 G3 I-.875 JO 
N35G0Z.25 
N36 GO G90 G54 X6.7865 Y5.747 S1000 M3 
N37 Z.05 
N38 G1Z-.2F2. 
N39G3I-.125J0F5. 
N40 Gl X7.0365 
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N41 G3 I-.375 JO 
N42G1 X7.2865 
N43 G3 I-.625 JO 
N44 Gl X7.5365 
N45 G3 I-.875 JO 
N46GOZ.25 
N47 GO G90 G54 X6.7865 Y5.747 S1000 M3 
N48Z-.1 
N49 Gl Z 25 F2. 
N50 G3 I-.125 JO F5. 
N51 Gl X7.0365 
N52 G3 I-.375 JO 
N53 Gl X7.2865 
N54 G3 I-.625 JO 
N55 Gl X7.5365 
N56 G3 1.875 JO 
N57 GO Z.25 
N58 GO G90 G54 X6.7865 Y5.747 S1000 M3 
N59Z-.15 
N60G1 Z-.3F2. 
N61 G3 1.125 JO F5. 
N62G1 X7.0365 
N63 G3 1.375 JO 
N64 Gl X7.2865 
N65 G3 I-.625 JO 
N66 Gl X7.5365 
N67 G3 I-.875 JO 
N68 GO Z.25 
N69 GO G90 G54 X6.7865 Y5.747 S1000 M3 
N70Z-.2 
N71 Gl Z 35 F2. 
N72G3I-125J0F5. 
N73 Gl X7.0365 
N74 G3 I-.375 JO 
N75 Gl X7.2865 
N76 G3 I-.625 JO 
N77 Gl X7.5365 
N78 G3 I-.875 JO 
N79 GO Z.25 
N80 GO G90 G54 X6.7865 Y5.747 S1000 M3 
N81 Z.25 
N82G1Z-.4F2. 
N83 G3 1.125 JO F5. 
N84 Gl X7.0365 
N85 G3 1.375 JO 
N86 Gl X7.2865 
N87 G3 I-.625 JO 
N88 Gl X7.5365 
N89 G3 1.875 JO 
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N90G0Z.25 
N91 GO G90 G54 X6.7865 Y5.747 SIOOO M3 
N92Z-.3 
N93 Gl Z-.45 F2. 
N94 G3 I-.125 JO F5. 
N95 Gl X7.0365 
N96 G3 I-.375 JO 
N97 Gl X7.2865 
N98 G3 I-.625 JO 
N99 Gl X7.5365 
N100 G3 I-.875 JO 
N101 GO Z.25 
N102 GO G90 G54 X6.7865 Y5.747 SIOOO M3 
N103 Z-.35 
N104 Gl Z 5 F2. 
N105 G3 1.125 JO F5. 
N106 Gl X7.0365 
N107 G3 1.375 JO 
N108 Gl X7.2865 
N109 G3 1.625 JO 
N1I0G1 X7.5365 
Nlll G3 I-.875 JO 
N112 GO Z.25 
N113 GO G90 G54 X6.7865 Y5.747 S1000 M3 
NI 14 Z.4 
NI 15 Gl Z-.55 F2. 
NI 16 G3 I-.125 JO F5. 
N117 Gl X7.0365 
N118 G3 I-.375 JO 
N119 Gl X7.2865 
N120 G3 I-.625 JO 
N121 Gl X7.5365 
N122 G3 I-.875 JO 
N123 GO Z.25 
N124 GO G90 G54 X6.7865 Y5.747 SIOOO M3 
N125 Z 45 
N126 Gl Z-.6 F2. 
N127 G31-.125 JO F5. 
N128 Gl X7.0365 
N129 G3 1.375 JO 
N130G1 X7.2865 
N131 G3 I-.625 JO 
N132G1 X7J365 
N133 G3 I-.875 JO 
N134G0Z.25 
N135 GO G90 G54 X6.7865 Y5.747 SIOOO M3 
N136 Z 5 
N137 Gl Z-.65 F2. 
N138 G3 I-.125 JO F5. 
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N139 Gl X7.0365 
N140G3I-.375J0 
N141 Gl X7.2865 
N142 G3 I-.625 JO 
N143 Gl X7.5365 
N144 G3 I-.875 JO 
N145 GO Z.25 
N146 GO G90 G54 X6.7865 Y5.747 SIOOO M3 
N147 Z 55 
N148 Gl Z-.7 F2. 
N149 G3 I-.125 JO F5. 
N150 Gl X7.0365 
N151 G3 I-.375 JO 
N152 Gl X7.2865 
N153 G3 I-.625 JO 
N154 Gl X7.5365 
N155 G3 I-.875 JO 
N156 GOZ.25 
N157 GOG90 G54 X6.7865 Y5.747 SIOOO M3 
N158 Z-.6 
N159 Gl Z-.75 F2. 
N160G3 I-.125 JOF5. 
N161 Gl X7.0365 
N162 G3 I-.375 JO 
N163 Gl X7.2865 
N164 G3 I .625 JO 
N165 Gl X7J365 
N166 G31-.875 JO 
N167 GOZ.25 
N168 GO G90 G54 X6.7865 Y5.747 SIOOO M3 
N169 Z-.65 
N170 Gl Z-.8 F2. 
N171 G31-.125 JOF5. 
N172 Gl X7.0365 
N173 G3 I .375 JO 
N174 Gl X7.2865 
N175 G3 I .625 JO 
N176 Gl X7.5365 
N177 G3 I-.875 JO 
N178 GOZ.25 
N179 GO G90 G54 X6.7865 Y2.2267 S1000 M3 
N180 Z.1 
N181 Gl Z-.05 F2. 
N182 G3 I-.125 JO F5. 
N183 Gl X7.0365 
N184 G3 I-.375 JO 
N185 Gl X7.2865 
N186 G3 1.625 JO 
N187 Gl X7.5365 
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N188 G3 I-.875 JO 
N189 GO Z.25 
N190 G0G90G54 X6.7865 Y2.2267 SIOOO M3 
N191 Z.05 
N192 Gl Z-.l F2. 
N193 G3 I-.125 JO F5. 
N194 Gl X7.0365 
N195 G3 1.375 JO 
N196 Gl X7.2865 
N197 G3 1.625 JO 
N198 Gl X7.5365 
N199 G3 1.875 JO 
N200 GO Z.25 
N201 GO G90 G54 X6.7865 Y2.2267 SIOOO M3 
N202 Z0 
N203 Gl Z-.15 F2. 
N204 G3 1.125 JO F5. 
N205 Gl X7.0365 
N206 G3 I-.375 JO 
N207 Gl X7.2865 
N208 G3 1.625 JO 
N209G1 X7.5365 
N210 G3 I-.875 JO 
N211 GOZ.25 
N212 GO G90 G54 X6.7865 Y2.2267 SIOOO M3 
N213 Z .05 
N214 Gl Z 2 F2. 
N215 G3 I-.l25 JO F5. 
N216 Gl X7.0365 
N217 G3 I-.375 JO 
N218 Gl X7.2865 
N219 G3 I-.625 JO 
N220 Gl X7J365 
N221 G3 I-.875 JO 
N222 GO Z.25 
N223 GO G90 G54 X6.7865 Y2.2267 S1000 M3 
N224Z-.1 
N225 Gl Z 25 F2. 
N226 G3 I-.125 JO F5. 
N227 Gl X7.0365 
N228 G3 I-.375 JO 
N229 Gl X7.2865 
N230 G3 I-.625 JO 
N231 Gl X7.5365 
N232 G3 I-.875 JO 
N233 GO Z.25 
N234 G0G90G54 X6.7865 Y2.2267 SIOOO M3 
N235 Z-.15 
N236 Gl Z 3 F2. 
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N237G3I-.125JOF5. 
N238 Gl X7.0365 
N239 G3 1.375 JO 
N240G1 X7.2865 
N241 G3 1.625 JO 
N242G1X7J365 
N243 G3 I-.875 JO 
N244 GO Z.25 
N245 GO G90 G54 X6.7865 Y2.2267 SIOOO M3 
N246 Z-.2 
N247 Gl Z 35 F2. 
N248 G3 I-.125 JO F5. 
N249 Gl X7.0365 
N250 G3 I-.375 JO 
N251 Gl X7.2865 
N252 G3 I-.625 JO 
N253 Gl X7.5365 
N254 G3 I-.875 JO 
N255 GO Z.25 
N256 G0G90G54 X6.7865 Y2.2267 S1000 M3 
N257 Z-.25 
N258 Gl Z 4 F2. 
N259G3I-125J0F5. 
N260 Gl X7.0365 
N261 G3 I-.375 JO 
N262 Gl X7.2865 
N263 G3 1.625 JO 
N264G1 X7.5365 
N265 G3 I-.875 JO 
N266 GO Z.25 
N267 GO G90 G54 X6.7865 Y2.2267 SIOOO M3 
N268 Z 3 
N269 Gl Z-.45 F2. 
N270 G3 I-.125 JO F5. 
N271 Gl X7.0365 
N272 G3 I-.375 JO 
N273 Gl X7.2865 
N274 G3 1.625 JO 
N275 Gl X7.5365 
N276 G3 I-.875 JO 
N277 GO Z.25 
N278 GO G90 G54 X6.7865 Y2.2267 SIOOO M3 
N279 Z 35 
N280 Gl Z 5 F2. 
N281 G3 I-.125 JO F5. 
N282 Gl X7.0365 
N283 G3 I-.375 JO 
N284 Gl X7.2865 
N285 G3 I-.625 JO 
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N286G1X7J365 
N287 G3 I-.875 JO 
N288 GO Z.25 
N289 GO G90 G54 X6.7865 Y2.2267 S1000 M3 
N290 Z 4 
N291 Gl Z-.55 F2. 
N292G3I-.125 JOF5. 
N293 Gl X7.0365 
N294 G3 I-.375 JO 
N295 Gl X7.2865 
N296 G3 1.625 JO 
N297 G 1X7.5365 
N298 G3 I-.875 JO 
N299 GO Z.25 
N300 GO G90 G54 X6.7865 Y2.2267 S1000 M3 
N301 Z 45 
N302G1Z-.6F2. 
N303G3I-.125 JOF5. 
N304GI X7.0365 
N305 G3 I-.375 JO 
N306 Gl X7.2865 
N307 G3 1.625 JO 
N308 Gl X7.5365 
N309 G3 1.875 JO 
N310G0Z.25 
N311 GO G90 G54 X6.7865 Y2.2267 S1000 M3 
N312Z-.5 
N313 Gl Z-.65 F2. 
N314G31.125 J0F5. 
N315 Gl X7.0365 
N316 G3 I-.375 JO 
N317 Gl X7.2865 
N318 G3 I-.625 JO 
N319G1 X7.5365 
N320G3 1.875 JO 
N321 GO Z.25 
N322 GO G90 G54 X6.7865 Y2.2267 S1000 M3 
N323 Z 55 
N324G1 Z-.7F2. 
N325 G3 I-.125 JO F5. 
N326G1 X7.0365 
N327 G3 I-.375 JO 
N328 Gl X7.2865 
N329 G3 I-.625 JO 
N330G1 X7.5365 
N331 G3 I-.875 JO 
N332 GO Z.25 
N333 GO G90 G54 X6.7865 Y2.2267 SIOOO M3 
N334Z-.6 
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N335 Gl Z-.75 F2. 
N336G3I-.12SJ0F5. 
N337 Gl X7.0365 
N338 G3 I-.375 JO 
N339 Gl X7.2865 
N340 G3 I-.625 JO 
N341 Gl X7.5365 
N342 G3 I-.875 JO 
N343 GO Z.25 
N344 G0G90G54 X6.7865 Y2.2267 S1000 M3 
N345 Z .65 
N346 Gl Z-.8 F2. 
N347 G3 I-.125 JO F5. 
N348 Gl X7.0365 
N349 G3 I-.375 JO 
N350 Gl X7.2865 
N351 G3 I-.625 JO 
N352G1 X7.5365 
N353 G3 I-.875 JO 
N354 GO Z.25 
N355 GO G90 G54 X3.2961 Y5.747 SIOOO M3 
N356Z.1 
N357 Gl Z .05 F2. 
N358G3I-.125J0F4. 
N359 Gl X3.5461 
N360 G3 I-.375 JO 
N361 Gl X3.7961 
N362 G3 I-.625 JO 
N363 Gl X4.0461 
N364 G3 I-.875 JO 
N365GOZ.25 
N366 GO G90 G54 X3.2961 Y5.747 S1000 M3 
N367 Z.05 
N368 Gl Z-.l F2. 
N369 G3 I-.125 JO F4. 
N370G1 X3.5461 
N371 G3 I-.375 JO 
N372 Gl X3.7961 
N373 G3 I .625 JO 
N374 Gl X4.0461 
N375 G3 I-.875 JO 
N376 GO Z.25 
N377 G0G90G54 X3.2961 Y5.747 S1000 M3 
N378ZQ 
N379 Gl Z-.15 F2. 
N380 G3 I-.125 JO F4. 
N381 Gl X3.5461 
N382 G3 I-.375 JO 
N383 Gl X3.7961 
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N384 G3 I-.625 JO 
N385 Gl X4.0461 
N386 G3 I-.875 JO 
N387GOZ.25 
N388 GO G90 G54 X3.2961 Y5.747 SIOOO M3 
N389 Z.05 
N390G1 Z-.2 F2. 
N391G3I-.125 J0F4. 
N392 Gl X3.5461 
N393 G3 I-.375 JO 
N394 Gl X3.7961 
N395 G3 1.625 JO 
N396 Gl X4.0461 
N397 G3 I-.875 JO 
N398 GO Z.25 
N399 GOG90 G54 X3.2961 Y5.747 SIOOO M3 
N400Z-.1 
N401 Gl Z .25 F2. 
N402 G3 1.125 JO F4. 
N403 Gl X3.5461 
N404 G3I-.375 JO 
N405 Gl X3.7961 
N406 G3 1.625 JO 
N407G1 X4.0461 
N408 G3 I-.875 JO 
N409 GOZ.25 
N410 GO G90 G54 X3.2961 Y5.747 SIOOO M3 
N411Z-.15 
N412 Gl Z 3 F2. 
N413G3I-.125 J0F4. 
N414G1 X3.5461 
N415 G3 I-.375 JO 
N416 Gl X3.7961 
N417 G3 1.625 JO 
N418G1 X4.0461 
N419 G3 I-.875 JO 
N420 GO Z.25 
N421 GO G90 G54 X3.2961 Y5.747 SIOOO M3 
N422Z-.2 
N423 Gl Z 35 F2. 
N424 G3 1.125 JO F4. 
N425 Gl X3.5461 
N426 G3 1.375 JO 
N427G1 X3.7961 
N428 G3 1.625 JO 
N429 Gl X4.0461 
N430 G3 1.875 JO 
N431GOZJ5 
N432 GO G90 G54 X3.2961 Y5.747 SIOOO M3 
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N433Z 25 
N434G1Z-.4F2. 
N435 G3 I-.125 JO F4. 
N436 Gl X3.5461 
N437 G3 I-.375 JO 
N438 Gl X3.7961 
N439 G3 I-.625 JO 
N440G1 X4.0461 
N441 G3 I-.875 JO 
N442 GO Z.25 
N443 GO G90 G54 X3.2888 Y2.2267 SIOOO M3 
N444Z.1 
N445 Gl Z-.05 F2. 
N446 G3 I-.125 JO F4. 
N447 Gl X3.5388 
N448 G3 I-.375 JO 
N449 Gl X3.7888 
N450 G3 I-.625 JO 
N451 Gl X4.0388 
N452 G3 I-.875 JO 
N453GOZ.25 
N454 GO G90 G54 X3.2888 Y2.2267 S1000 M3 
N455 Z.05 
N456 Gl Z-.l F2. 
N457G3I-.125 J0F4. 
N458 Gl X3.5388 
N459 G3 I-.375 JO 
N460 Gl X3.7888 
N461 G3 1.625 JO 
N462 Gl X4.0388 
N463 G3 1.875 JO 
N464 GO Z.25 
N465 GO G90 G54 X3.2888 Y2.2267 SIOOO M3 
N466 Z0 
N467 Gl Z 15 F2. 
N468 G31-.125 JO F4. 
N469 Gl X3.5388 
N470 G3 I-.375 JO 
N471 Gl X3.7888 
N472 G3 I-.625 JO 
N473 Gl X4.0388 
N474 G3 1.875 JO 
N475 GO Z.25 
N476 GO G90 G54 X3.2888 Y2.2267 S1000 M3 
N477 Z-.05 
N478 Gl Z .2 F2. 
N479 G3I-.125 J0F4. 
N480G1 X3.5388 
N481 G31.375 JO 
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N482 Gl X3.7888 
N483 G3 1.625 JO 
N484G1 X4.0388 
N485 G3 I-.875 JO 
N486 GO Z.25 
N487 GO G90 G54 X3.2888 Y2.2267 SIOOO M3 
N488Z-.1 
N489G1Z-.25F2. 
N490 G3 I-.125 JO F4. 
N491 Gl X3.5388 
N492 G3 I-.375 JO 
N493 Gl X3.7888 
N494 G3 I-.625 JO 
N495 Gl X4.0388 
N496 G3 I-.875 JO 
N497 GO Z.25 
N498 G0G90G54 X3.2888 Y2.2267 SIOOO M3 
N499Z-.15 
N500G1Z-.3F2. 
N501 G3 I-.125 JO F4. 
N502 Gl X3.5388 
N503 G3 I-.375 JO 
N504 Gl X3.7888 
N505 G3 1.625 JO 
N506 Gl X4.0388 
N507 G3 I-.875 JO 
N508 GO Z.25 
N509 GO G90 G54 X3.2888 Y2.2267 SIOOO M3 
N510Z-.2 
N511 Gl Z-.35 F2. 
N512 G3 I .125 JO F4. 
N513 Gl X3.5388 
N514 G3 I-.375 JO 
N515 Gl X3.7888 
N516 G3 I-.625 JO 
N517 Gl X4.0388 
N518 G3 I-.875 JO 
N519GOZ.25 
N520 GO G90 G54 X3.2888 Y2.2267 S1000 M3 
N521 Z-.25 
N522G1Z-.4F2. 
N523 G3 I-.125 JO F4. 
N524G1 X3.5388 
N525 G3 I-.375 JO 
N526 Gl X3.7888 
N527 G3 1.625 JO 
N528 Gl X4.0388 
N529 G3 I-.875 JO 
N530 GO Z.25 M9 
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N531 G91 G28Z0M19 
N532 G28 XO YO 
N533 Ml 
N534 M6(PUTTING THE FIRST TOOL BACK INTO SPINDLE) 
N535 M30 
% 
%:0001 
NI M6T2 
N2 (Center Drill) 
N3T5 (NEXTTOOL) 
N4 GO G90 G54 X3.1711 Y5.747 S1500 M3 
N5G43Z.1 H2M8 
N6 G83 G99 X3.1711 Y5.747 R.1 Z-.15 Q.05 F5. 
N7 X6.6615 
N8 Y2.2267 
N9 X3.1638 
N10G80Z.25M9 
N i l  G O G 9 1  G 2 8 Z O M 1 9  
N12M1 
N13M6 
(3/8" Drill) 
N14T2 (NEXT TOOL) 
N15 GO G90 G54 X3.1711 Y5.747 S750 M3 
N16G43Z.1 H5 M8 
N17 G83 G99 R.1 Z-l. Q.05 F5. 
N18 X6.6615 
N19 Y2.2267 
N20 X3.1638 
N21G80Z.25M9 
N22G91 G28Z0M19 
N23 G28 XO YO 
N24M1 
N25 M6(PUTONG THE FIRST TOOL BACK INTO SPINDLE) 
N26 M30 
% 
160 
APPENDIX D: SOME OF THE MATERIAL PROPERTIES 
OF PLASICS USED IN THE EXPERIMENTS 
Plastic Coefficient of Linear molding Injection Density Melt temperature 
material friction Shrinkage(in/in) temperature (* F) (lb/ft**3) 6 F (8 C ) 
PP 
ABS 
PET 
PS 
PU 
0.33 
0.50 
0.54 
0.46 
0.018 
0.005 
0.006 
0.020 
490 
500 
440 
400 
56.2 
65.0 
84.0 
64.9 
74.9 
334(168) 
490 (250) 
221 (105) 
212(100) 
161a 
APPENDIX E: INJECTION MOLDING 
EXPERIMENTAL RESULTS 
Table E. I Ejection pressure data recorded for five ABS parts in Phase I, at 0,4" depth and 0" draft angle 
Uncoated Coated Unpolished Polished 
ran 
No. Machine controller (bar) 
Transducer pressure 
(mV) 
Machine controller 
(bar) 
Transducer pressure 
(mV) 
Machine controller 
(bar) 
Transducer pressure 
(mV) 
1 5 2.1 23 6.3 3 1.2 
2 5 1.9 23 6.4 3 1.4 
3 5 1.9 23 6.4 3 1.4 
4 5 1.9 23 6.5 3 1.3 
5 5 2.1 23 6.4 3 1.4 
Ave. 5 2.0 23 6.4 3 U 
Table E.2 Ejection pressure data recorded for five ABS parts in Phase 1, at 0.4" depth and 3" draft angle 
Uncoated Coated 
Part 
No, 
Unpolished Polished 
Machine controller 
(bar) 
Transducer pressure 
(mV) 
Machine controller 
(bar) 
Transducer pressure 
(mV) 
Machine controller 
(bar) 
Transducer pressure 
(ntV) 
1 2 1.6 10 3.9 1 II 
2 2 1.5 10 4 1 1 
3 2 1.5 10 4 1 II 
4 2 1.5 10 3.8 1 1.2 
5 2 10 4.1 1 I . I  
Ave. 2 IJ 10 4.0 1 I . I  
ON 
CT" 
Table E.3 Ejection pressure data recorded for five ABS parts in Phase I, at 0.8" depth and 0° draft angle 
Uncoated Coaled Unpolished Polished 
ran 
No. Machine controller (bar) 
Transducer pressure 
(mV) 
Machine controller 
(bar) 
Transducer pressure 
(mV) 
Machine controller 
(bar) 
Transducer pressure 
(mV) 
1 16 5.3 30 7.6 13 4.6 
2 16 5.3 30 7.7 13 4.4 
3 16 5.2 30 7.6 13 4.6 
4 16 5.4 30 7.5 13 4.6 
5 16 5.4 30 7.7 13 4.5 
Ave. 16 53 30 7.6 13 4.5 
o\ 
Table E.4 Ejection pressure data recorded for five ABS parts in Phase I, at 0.8" depth and 3° draft angle lu 
Uncoated —r—: Coated 
Polished 
ran 
No. Machine controller (bar) 
Transducer pressure 
(mV) 
Machine controller 
(bar) 
Transducer pressure 
(mV) 
Machine controller 
(bar) 
Transducer pressure 
(mV) 
1 7 2.4 18 5.9 5 2 
2 7 2.4 18 6 5 1.9 
3 7 2.2 18 6 5 1.9 
4 7 2.4 18 6.1 5 2 
5 7 2.3 18 6.1 5 1.9 
Ave. 7 23 18 6.0 5 1.9 
Table E.5 Ejection pressure data recorded for ten ABS parts in Phase II, at 0.3" depth and 0° draft angle 
part Unpolished Polished 
N Machine controller Transducer pressure Machine controller Transducer pressure Machine controller Transducer pressure 
°' (bar) (mV) (bar) (mV) (bar) (mV) 
1 14 4.9 71 15.3 10 3.8 
2 14 5.1 71 15.8 10 3.5 
3 14 5.2 71 15.6 10 3.6 
4 14 5.1 71 14.9 10 3.2 
5 14 4.8 71 13.8 10 3.7 
6 14 4.8 71 14.3 10 3.8 
7 14 4 71 14.3 10 3.8 
8 14 4.5 71 12 10 3.7 § 
9 14 4.9 71 13.7 10 3.9 
10 14 5.2 71 12.9 10 3.8 
Ave. 14 4.9 71 14.0 10 3.7 
Table E.6 Ejection pressure data recorded for ten ABS parts in Phase 11, at 0.3" depth and 3° draft angle 
p Unpolished Polished 
N Machine controller Transducer pressure Machine controller Transducer pressure Machine controller Transducer pressure 
°' (bar) (mV) (bar) (mV) (bar) (mV) 
1 7 2.7 41 11.2 4 2.1 
2 7 2.9 41 10.6 4 2 
3 7 2.8 41 10.8 4 2 
4 7 3 41 9.7 4 2.1 
5 7 3.2 41 10 4 2.3 
6 7 2.9 41 10 4 1.9 
7 7 2.3 41 11.6 4 2 
8 7 2.7 41 10.5 4 2 2 
9 7 3 41 10.2 4 1.9 
10 7 2.8 41 10.1 4 2.1 
Ave. 7 2.8 41 10.5 4 2.0 
Table E.7 Ejection pressure data recorded for ten ABS parts in Phase II, at 0.6" depth and 0" draft angle 
par| Unpolished Polished 
N Machine controller Transducer pressure Machine controller Transducer pressure Machine controller Transducer pressure 
°' (bar) (mV) (bar) (mV) (bar) (mV) 
1 26 7.5 97 17.8 20 6 
2 26 8.4 97 16.7 20 6.2 
3 26 6.9 97 17.6 20 6.1 
4 26 6.9 97 17.6 20 6 
5 26 7.3 97 19 20 5.6 
6 26 8 97 17.5 20 6 
7 26 7.9 97 17.9 20 5.8 
8 26 8.4 97 18.2 20 5.9 
9 26 8.2 97 16.3 20 5.9 
10 26 7.5 97 16.5 20 5.8 
Ave. 26 7.7 97 17.5 20 5.9 
Table E.8 Ejection pressure data recorded for ten ABS parts in Phase II, al 0.6" depth and 3° draft angle 
part Unpolished Polished 
N Machine controller Transducer pressure Machine controller Transducer pressure Machine controller Transducer pressure 
°' (bar) (mV) (bar) (mV) (bar) (mV) 
1 12 5.5 49 13.2 8 3.7 
2 12 5.4 49 14.8 8 4.1 
3 12 5.2 49 14.1 8 3.9 
4 12 5.5 49 13.7 8 4.3 
5 12 5.6 49 13.8 8 4.2 
6 12 5.4 49 13.6 8 3.5 
7 12 4.5 49 12.5 8 4 
8 12 5.4 49 12.8 8 4.3 g$ 
9 12 4.5 49 15.5 8 4.2 
10 12 5.6 49 14.5 8 4.3 
Ave. 12 53 49 13.9 8 4.1 
Table E.9 Ejection pressure data recorded for ten ABS parts in Phase 11, at 0.9" depth and 0" draft angle 
. Coated 
Unpolished Polished 
ran 
No. Machine controller (bar) 
Transducer pressure 
(mV) 
Machine controller 
(bar) 
Transducer pressure 
(mV) 
Machine controller 
(bar) 
Transducer pressure 
(mV) 
1 85 14.6 140 25.8 67 11.4 
2 85 13.9 140 25.2 67 10.9 
3 85 14.5 140 24.7 67 11.6 
4 85 14.2 140 26.1 67 11.2 
5 85 15.9 140 27.3 67 II 
6 85 14.8 140 25 67 10.5 
7 85 15.2 140 23.8 67 10.7 
8 85 13 140 25.8 67 11.2 
9 85 13.5 140 23 67 13.6 
10 85 13 140 23.4 67 10.5 
Ave. 85 14J6 140 25.0 67 1U 
Table E.IO Ejection pressure data recorded for ten ABS parts in Phase II, at 0.9" depth and 3° draft angle 
N Machine controller Transducer pressure Machine controller Transducer pressure Machine controller Transducer pressure 
°' (bar) (mV) (bar) (mV) (bar) (mV) 
1 35 10.1 56 15.8 26 7.8 
2 35 9.7 56 16.2 26 7.6 
3 35 11.2 56 15.9 26 8.4 
4 35 10.8 56 16.3 26 8.6 
5 35 10.3 56 16.3 26 9 
6 35 9.5 56 16.1 26 8.2 
7 35 10.4 56 17.5 26 8.3 
8 35 9 56 15.5 26 6.8 
9 35 9.9 56 14.2 26 7.4 
10 35 10.5 56 17.2 26 9 
Ave. 35 10.1 56 16.1 26 8.1 
Table E, 11 Ejection pressure data recorded for ten PET parts in Phase II, al 0.3" depth and 0° draft angle 
N Machine controller Transducer pressure Machine controller Transducer pressure Machine controller Transducer pressure 
°' (bar) (mV) (bar) (mV) (bar) (mV) 
1 15 5 77 15.3 II 3.6 
2 15 4.9 77 15 II 3.7 
3 15 5.1 77 14.8 II 3.6 
4 15 5.3 77 15.9 II 3.4 
5 15 4.7 77 15.8 II 3.4 
6 15 4.9 77 12.7 II 3.5 
7 15 4.6 77 15.2 II 3.8 
8 15 4.9 77 15.5 II 3.5 
9 15 4.7 77 12.8 II 3.6 
10 15 4.7 77 14.9 11 3.5 
Ave. 15 4.9 77 14.8 II 3.6 
Table E. 12 Ejection pressure data recorded for ten PET parts in Phase II, at 0.3" depth and 3° draft angle 
part Unpolished Polished 
N Machine controller Transducer pressure Machine controller Transducer pressure Machine controller Transducer pressure 
°' (bar) (mV) (bar) (mV) (bar) (mV) 
1 8 2.9 44 11.6 5 2.1 
2 8 2.9 44 10.9 5 2.2 
3 8 3.2 44 11.4 5 2.1 
4 8 2.7 44 11.5 5 2 
5 8 2.6 44 10.8 5 2.2 
6 8 2.9 44 10.8 5 1.9 
7 8 3.2 44 12.5 5 1.9 
8 8 3.1 44 11.8 5 2.1 
9 8 3 44 11.9 5 2.2 
10 8 3.2 44 II 5 2.1 
Ave. 8 3.0 44 11.4 5 2.1 
Table E. 13 Ejection pressure data recorded for ten PET parts in Phase 11, al 0.6" depth and 0° draft angle 
par| Unpolished Polished 
N Machine controller Transducer pressure Machine controller Transducer pressure Machine controller Transducer pressure 
°' (bar) (mV) (bar) (mV) (bar) (mV) 
1 31 8.7 107 19.2 24 6.5 
2 31 8.6 107 18.9 24 6.7 
3 31 8.6 107 18.3 24 6.7 
4 31 8.7 107 19.1 24 6.8 
5 31 9.2 107 16.7 24 6.8 
6 31 8.9 107 16.9 24 5.9 
7 31 8.8 107 19.5 24 6.8 
8 31 7.8 107 20.2 24 6.5 
9 31 8.1 107 18 24 6.7 
10 31 8.6 107 20.2 24 6.8 
Ave. 31 8.6 107 18.7 24 6.6 
Table E.14 Ejection pressure data recorded for ten PET parts in Phase II, at 0.6" depth and 3° draft angle 
N Machine controller Transducer pressure Machine controller Transducer pressure Machine controller Transducer pressure 
°' (bar) (mV) (bar) (mV) (bar) (mV) 
1 14 6 54 15.2 9 4.5 
2 14 6.1 54 14.8 9 4.4 
3 14 5.9 54 14.9 9 4.4 
4 14 5.9 54 14.7 9 4.5 
5 14 5.4 54 16.2 9 4.7 
6 14 5.8 54 15.1 9 4.5 
7 14 6.3 54 14.2 9 4.2 
8 14 6 54 14.4 9 4.4 
9 14 5.4 54 13.3 9 4,3 
10 14 6 54 14.3 9 4.2 
Ave. 14 5.9 54 14.7 9 4.4 
Table E. IS Ejection pressure data recorded for ten PET parts in Phase II, al 0,9" depth and 0° draft angle 
pan Unpolished Polished 
N Machine controller Transducer pressure Machine controller Transducer pressure Machine controller Transducer pressure 
°' (bar) (mV) (bar) (mV) (bar) (mV) 
1 125 18.2 160 28.5 97 14.2 
2 125 17.9 160 28.9 97 14.5 
3 125 18 160 27.2 97 14.1 
4 125 18 160 29.1 97 13.5 
5 125 16.3 160 29,3 97 13.3 
6 125 17.6 160 25.4 97 14.9 
7 125 17.5 160 27.9 97 13.8 
8 125 19.2 160 27.5 97 13.9 
9 125 15.7 160 28.2 97 13.4 
10 125 17.4 160 27 97 13.3 
Ave. 125 17.6 160 27.9 97 13.9 
Table E.16 Ejection pressure data recorded for ten PET parts in Phase II, at 0.9" depth and 3° draft angle 
N Machine controller Transducer pressure Machine controller Transducer pressure Machine controller Transducer pressure 
°' (bar) (mV) (bar) (mV) (bar) (mV) 
1 41 10.9 62 18.2 30 9,4 
2 41 11.4 62 17.5 30 8.8 
3 41 11.5 62 17.8 30 8.4 
4 41 10.5 62 17.1 30 8.7 
5 41 10.8 62 17.5 30 8.7 
6 41 10.8 62 17.1 30 7.3 
7 41 11.4 62 15.2 30 8.2 
8 41 11.4 62 19.1 30 9.2 
9 41 10.9 62 17 30 8.6 
1 0  4 1  I I I  6 2  1 6 . 5  3 0  9  
Ave. 41 11.1 62 17J 30 8.6 
Table E.I7 Ejection pressure data recorded for ten PS parts in Phase II, at 0.3" depth and 0° draft angle 
pan Unpolished Polished 
N Machine controller Transducer pressure Machine controller Transducer pressure Machine controller Transducer pressure 
°' (bar) (mV) (bar) (mV) (bar) (mV) 
1 12 4.2 70 12.5 9 3.3 
2 12 4.3 70 12.7 9 3.2 
3 12 4.5 70 14.6 9 3.2 
4 12 3.9 70 14.1 9 3.4 
5 12 4.2 70 14.8 9 3.3 
6 12 4.2 70 13.2 9 3 
7 12 4.5 70 13.5 9 3 
8 12 4.5 70 12.9 9 3.1 
9 12 4.1 70 14.2 9 3.4 
10 12 4.2 70 14.8 9 3.1 
Ave. 12 43 70 13.7 9 3.2 
Table E.18 Ejection pressure data recorded for ten PS parts in Phase II, at 0.3" depth and 3° draft angle 
p Unpolished Polished 
N Machine controller Transducer pressure Machine controller Transducer pressure Machine controller Transducer pressure 
°' (bar) (mV) (bar) (mV) (bar) (mV) 
1 5 2.5 40 11.1 3 22 
2 5 2.7 40 10.3 3 2 1 
3 5 2.6 40 9.7 3 24 
4 5 2.8 40 11.2 3 19 
5 5 2.8 40 10.7 3 1 9 
6 5 2.5 40 9.2 3 23 
7 5 2.7 40 10.8 3 1 5 
8 5 2.5 40 11.3 3 1 8 
9 5 2.7 40 111 3 16 
10 5 2.7 40 10.6 3 19 
Ave. 5 2.7 40 10.6 3 2.0 
Table E.19 Ejection pressure data recorded for ten PS parts in Phase II, at 0.6" depth and 0° draft angle 
part Unpolished Polished 
N Machine controller Transducer pressure Machine controller Transducer pressure Machine controller Transducer pressure 
°' (bar) (mV) (bar) (mV) (bar) (mV) 
1 25 6.9 97 16.8 20 5.9 
2 25 7.3 97 17.1 20 5.9 
3 25 7.2 97 15.7 20 5.7 
4 25 7.7 97 16.8 20 5.8 
5 25 7.5 97 16.8 20 5.5 
6 25 7.6 97 17.9 20 6.1 
7 25 7.6 97 18.8 20 5.9 
8 25 7.3 97 18.1 20 6.4 
9 25 7.8 97 18.4 20 6 
10 25 7.7 97 17.1 20 5.7 
Ave. 25 73 97 17.4 20 5.9 
Table E.20 Ejection pressure data recorded for ten PS parts in Phase II, at 0.6" depth and 3° draft angle 
Uncoated Coated Unpolished Polished 
ran 
No. Machine controller (bar) 
Transducer pressure 
(mV) 
Machine controller 
(bar) 
Transducer pressure 
(mV) 
Machine controller 
(bar) 
Transducer pressure 
(mV) 
1 II 3.1 49 8.1 8 2.3 
2 II 3.2 49 8.9 8 2.3 
3 II 2.9 49 8.8 8 2.5 
4 II 3.1 49 7.9 8 2.2 
5 II 3.1 49 8.5 8 2.5 
6 II 3.2 49 7.2 8 2.4 
7 II 3.2 49 9.1 8 2.5 
8 II 3.2 49 9 8 2.3 
9 II 2.9 49 9.1 8 2.5 
10 II 2.9 49 8.9 8 2.5 
Ave. 11 3.1 49 8.6 8 2.4 
-4 
» 
Table E.21 Ejection pressure data recorded for ten PS parts in Phase II, at 0.9" depth and 0° draft angle 
N Machine controller Transducer pressure Machine controller Transducer pressure Machine controller Transducer pressure 
°' (bar) (mV) (bar) (mV) (bar) (mV) 
1 84 13.8 145 27.5 66 10.9 
2 84 13.6 145 26.3 66 11.2 
3 84 14.2 145 26,6 66 10.8 
4 84 13.9 145 27.2 66 9.9 
5 84 14.4 145 28.1 66 11.7 
6 84 13.2 145 24.9 66 11.4 
7 84 12.5 145 25.7 66 11.5 
8 84 13.9 145 24.2 66 10.8 
9 84 13.8 145 24.4 66 11.5 
10 84 14 145 24.1 66 11.5 
Ave. 84 13.7 145 25.9 66 11.1 
Table E.22 Ejection pressure data recorded for ten PS parts in Phase 11, at 0.9" depth and 3° draft angle 
part Unpolished Polished 
N Machine controller Transducer pressure Machine controller Transducer pressure Machine controller Transducer pressure 
°' (bar) (mV) (bar) (mV) (bar) (mV) 
1 34 10 57 17.2 26 7.8 
2 34 10 57 15.8 26 7.8 
3 34 9.8 57 16.5 26 8 
4 34 9.4 57 16.8 26 7.9 
5 34 10 57 14.5 26 8.1 
6 34 9 57 16.3 26 7.4 
7 34 9.5 57 18.1 26 7.4 
8 34 10.1 57 15.5 26 8 
9 34 9.3 57 14.9 26 8 
10 34 9.3 57 15 26 7.7 
Ave. 34 9.6 57 16.1 26 7.8 
Table E.23 Ejection pressure data recorded for ten PU parts in Phase II, at 0.3" depth and 0° draft angle 
Uncoated Coaled 
Part 
No. 
Unpolished Polished 
Machine controller Transducer pressure Machine controller Transducer pressure Machine controller Transducer pressure 
(bar) (mV) 
4.7 
5.2 
5.1 
4.5 
4.5 
4.6 
4.6 
4.9 
5.2 
5.2 
4.9 
(bar) (mV) 
15.8 
15.1 
16.5 
15.2 
15.4 
17 
14.2 
13.7 
14.6 
14.1 
15.2 
(bar) (mV) 
3.7 
3.6 
3.7 
4.1 
3.6 
3.6 
3.6 
3.8 
3.6 
3.6 
3.7 
Table E.24 Ejection pressure data recorded for ten PU parts in Phase II, at 0.3" depth and 3° draft angle 
Uncalled Coaled Unpolished Polished 
ran 
No. Machine controller (bar) 
Transducer pressure 
(mV) 
Machine controller 
(bar) 
Transducer pressure 
(mV) 
Machine controller 
(bar) 
Transducer pressure 
(mV) 
1 7 2.6 44 12,2 4 1.9 
2 7 2.8 44 11,8 4 1.9 
3 7 2.5 44 12 4 1.8 
4 7 2.7 44 9.3 4 1.9 
5 7 2.8 44 11.4 4 2.2 
6 7 2,7 44 10.4 4 2 
7 7 2.9 44 11.3 4 1.9 
8 7 2.8 44 13.2 4 1.8 
9 7 2,6 44 11.5 4 2 
10 7 2.9 44 10.7 4 2 
Ave. 7 2.7 44 11.4 4 1.9 
Table E.25 Ejection pressure data recorded for ten PU parts in Phase II, at 0,6" depth and 0° draft angle 
N Machine controller Transducer pressure Machine controller Transducer pressure Machine controller Transducer pressure 
°' (bar) (mV) (bar) (mV) (bar) (mV) 
1 29 8 104 17.5 23 6.8 
2 29 8.5 104 18.4 23 6.5 
3 29 8.4 104 18.9 23 6.7 
4 29 8.6 104 18.8 23 6.7 
5 29 7.5 104 16.3 23 5.4 
6 29 8.5 104 19 23 5.9 
7 29 9.6 104 18.5 23 7.1 
8 29 8.3 104 19.8 23 6.9 w w 
9 29 8 104 19.3 23 6.9 
10 29 8.4 104 19.5 23 6.5 
Ave. 29 8.4 104 18.6 23 6.5 
Table E.26 Ejection pressure data recorded for ten PU parts in Phase II, at 0.6" depth and 3° draft angle 
N Machine controller Transducer pressure Machine controller Transducer pressure Machine controller Transducer pressure 
°' (bar) (mV) (bar) (mV) (bar) (mV) 
1 13 5.5 53 15.5 8 4.2 
2 13 5.5 53 15.1 8 4.8 
3 13 5.1 53 13.1 8 4 
4 13 5.9 53 14.9 8 4.5 
5 13 5.7 53 14.8 8 5.1 
6 13 5.9 53 16.6 8 5 
7 13 6.1 53 15.2 8 4.7 
8 13 5.9 53 15.2 8 4.2 
9 13 6 53 15 8 4 
10 13 5.6 53 15.1 8 4.1 
Ave. 13 5.7 53 15.1 8 4.5 
Table E.27 Ejection pressure data recorded for ten PU parts in Phase 11, at 0.9" depth and 0° draft angle 
Uncoated Coaled 
Pari Unpolished Polished 
N Machine controller Transducer pressure Machine controller Transducer pressure Machine controller Transducer pressure 
°' (bar) (mV) (bar) (mV) (bar) (mV) 
1 90 13.9 150 27.1 72 11.2 
2 90 14.3 150 26.8 72 11.5 
3 90 14.5 150 26.5 72 10 
4 90 14.1 150 26.7 72 11.9 
5 90 13.1 150 26.7 72 11.6 
6 90 15.2 150 24.2 72 12 
7 90 15.1 150 25.9 72 12.8 
8 90 16 ISO 28.6 72 10.8 
9 90 15 150 27 72 12.8 
10 90 15.1 150 26.5 72 12.4 
Ave. 90 14.6 ISO 26.6 72 11.7 
Table E.28 Ejection pressure data recorded for ten PU parts in Phase II, at 0.9" depth and 3" draft angle 
N Machine controller Transducer pressure Machine controller Transducer pressure Machine controller Transducer pressure 
°' (bar) (mV) (bar) (mV) (bar) (mV) 
1  3 8  I I I  6 0  1 7 . 8  2 8  9 . 1  
2 38 10.9 60 17.3 28 8.3 
3 38 11.2 60 17.7 28 8.7 
4 38 11.7 60 17.7 28 8.9 
5 38 9.9 60 16.9 28 9.2 
6 38 10.4 60 17 28 8 
7 38 11.9 60 16.1 28 9.6 
8 38 II 60 19.3 28 8.5 
9 38 10.1 60 18 28 8.3 
10 38 10.3 60 17.2 28 8.2 
Ave. 38 10.9 60 17.5 28 8.7 
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APPENDIX F: RESULTS OF STATISTICAL ANALYSIS 
Polypropylene Meets (Costing) 
Uncoated and Coated-
unpolished 
Uncoated (A) Coated unpolished (B) 
Mean 6.106667 13.92 
Variance 11.02402 20.88841 
Observations 60 60 
Ha B>A 
df 118 
t Stat 10.71352 
t Critical one-tail 1.647508725 
Result t Stat>t critical reject Ho 
Uncoated and Coated-
polished 
Uncoated (A) Coated polished (C) 
Mean 6.106667 4.838333 
Variance 11.02402 7.650879 
Observations 60 60 
Ha A>C 
df 118 
tStat 2.273421 
t Critical one-tail 1.647508725 
Result t Stat>t critical reject Ho 
Coated-unpolished and 
Coated-polished 
Coated unpolished (B) Coated polished (C) 
Mean 13.92 4.838333 
Variance 20.88841 7.650879 
Obsenzations 60 60 
Ha B>C 
df 118 
tStat 13.16799 
t Critical one-tail 1.647508725 
Result t Stat>t critical reject Ho 
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Polypropylene t-tests (Draft Angle) 
0° - 3° draft anale 
0°(A) 3'(B) 
Mean 10.03667 6.54 
Variance 37.00639 15.65321 
Observations 90 90 
Ha A>B 
df 178 
tStat 4.571268 
t Critical one-tail 1.644854 
Result t Stat>t critical reject Ho 
Polypropylene t-tests (Depth) 
0.6 inches- 0.9 inches 
0.3 in (A) 0.6 in (B) 
Mean 5.201667 7.6 
Variance 15.47271 19.31593 
Observations 60 60 
Ha B>A 
df 118 
tStat 3.14968 
t Critical one-tail 1.647508725 
Result t Stat>t critical reject Ho 
0.3 inches- 0.9 inches 
0.3 in (A) 0.9 in (C) 
Mean 5.201667 12.06333 
Variance 15.47271 29.30948 
Observations 60 60 
Ha C>A 
df 118 
tStat 7.942415 
t Critical one-tail 1.647508725 
Result t Stat>t critical reject Ho 
0.6 inches- 0.9 inches 
0.6 in (B) 0.9 in (C) 
Mean 7.6 12.06333 
Variance 19.31593 29.30948 
Observations 60 60 
Ha C>B 
df 118 
tStat 4.957963 
t Critical one-tail 1.647508725 
Result tStat>t critical reject Ho 
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ABS t-tMts (Coating) 
Uncoated and Coated-
unpolished 
Uncoated (A) Coated unpolished (B) 
Mean 7.506667 16.2 
Variance 14.97318 21.48881 
Observations 60 60 
Ha B>A 
df 118 
tStat 11.15172 
t Critical one-tail 1.647508725 
Result t Stat>t critical reject Ho 
Uncoated and Coated-
polished 
Uncoated (A) Coated polished (C) 
Mean 7.506667 5.845 
Variance 14.97318 9.859805 
Observations 60 60 
Ha A>C 
df 118 
tStat 2.582885 
t Critical one-tail 1.647508725 
Result t Stat>t critical reject Ho 
Coated-unpolished and 
Coated-polished 
Coated unpolished (B) Coated polished (C) 
Mean 16.2 5.845 
Variance 21.48881 9.859805 
Observations 60 60 
Ha B>C 
df 118 
tStat 14.32572 
t Critical one-tail 1.647508725 
Result t Stat>t critical reject Ho 
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ABS t-tMts (Draft Angle) 
0° - 3" draft angle 
0"(A) 3°(B) 
Mean 11.60667 8.094444 
Variance 43.8404 22.32929 
Observations 90 90 
Ha A>B 
df 178 
tStat 4.096129 
t Critical one-tail 1.644854 
Result t Stat>t critical reject Ho 
ABS t-tests (Depth) 
0.6 inches- 0.9 inches 
0.3 in (A) 0.6 in (B) 
Mean 6.355 9.05 
Variance 20.63472 24.98898 
Observations 60 60 
Ha B>A 
Of 118 
tStat 3.090574 
t Critical one-tail 1.647508725 
Result t Stat>t critical reject Ho 
0.3 inches- 0.9 inches 
0.3 in (A) 0.9 in (C) 
Mean 6.355 14.14667 
Variance 20.63472 31.75304 
Observations 60 60 
Ha C>A 
Df 118 
tStat 8.33856 
t Critical one-tail 1.647508725 
Result t Stat>t critical reject Ho 
0.6 inches- 0.9 inches 
0.6 in (B) 0.9 in (C) 
Mean 9.05 14.14667 
Variance 24.988g8 31.75304 
Observations 60 60 
Ha C>B 
df 118 
tStat 5.240943 
t Critical one-tail 1.647508725 
Result tStat>t critical reject Ho 
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PET t-tests (Coating) 
Uncoated and Coated-
unpolished 
Uncoated (A) Coated unpolished (B) 
Mean 8.496667 17.47 
Variance 23.87762 28.34688 
Observations 60 60 
Ha B>A 
Df 118 
tStat 9.618167 
t Critical one-tail 1.647508725 
Result t Stat>t critical reject Ho 
Uncoated and Coated-
polished 
Uncoated (A) Coated polished (C) 
Mean 8.496667 6.531667 
Variance 23.87762 15.66017 
Observations 60 60 
Ha A>C 
Df 118 
tStat 2.42065 
t Critical one-tail 1.647508725 
Result t Stat>t critical reject Ho 
Coated-unpolished and 
Coated-polished 
Coated unpolished (B) Coated polished (C) 
Mean 17.47 6.531667 
Variance 28.34688 15.66017 
Observations 60 60 
Ha B>C 
Df 118 
TStat 12.7722 
t Critical one-tail 1.647508725 
Result t Stat>t critical reject Ho 
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PET t-tMts (Draft Angle) 
0° - 3° draft angle 
0°(A) 3e (B) 
Mean 12.94667 8.718889 
Variance 56.14791 25.66604 
Observations 90 90 
Ha A>B 
Df 178 
TStat 4.434245 
t Critical one-tail 1.644854 
Result t Stat>t critical reject Ho 
PET t-tests (Depth) 
0.6 inches- 0.9 inches 
0.3 in (A) 0.6 in (B) 
Mean 6.616667 9.82 
Variance 23.33192 27.36536 
Observations 60 60 
Ha B>A 
Df 118 
TStat 3.484861 
t Critical one-tail 1.647508725 
Result t Stat>t critical reject Ho 
0.3 inches- 0.9 inches 
0.3 in (A) 0.9 in (C) 
Mean 6.616667 16.06167 
Variance 23.33192 39.42512 
Observations 60 60 
Ha C>A 
Df 118 
TStat 9.235201 
t Critical one-tail 1.647508725 
Result t Stat>t critical reject Ho 
0.6 inches- 0.9 inches 
0.6 in (B) 0.9 in (C) 
Mean 9.82 16.06167 
Variance 27.36536 39.42512 
Observations 60 60 
Ha C>B 
Df 118 
tStat 5.915874 
t Critical one-tail 1.647508725 
Result t Stat>t critical reject Ho 
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PS t-tests (Costing) 
Uncoated and Coated-
unpolished 
Uncoated (A) Coated unpolished (B) 
Mean 6.803333 15.365 
Variance 16.02846 32.63858 
Observations 60 60 
Ha B>A 
Df 118 
tStat 9.506408 
t Critical one-tail 1.647508725 
Result tStat>t critical reject Ho 
Uncoated and Coated-
polished 
Uncoated (A) Coated polished (C) 
Mean 6.803333 5.396667 
Variance 16.02846 11.00304 
Observations 60 60 
Ha A>C 
df 118 
tStat 2.095713 
t Critical one-tail 1.647508725 
Result t Stat>t critical reject Ho 
Coated-unpolished and 
Coated-oolished 
Coated unpolished (B) Coated polished (C) 
Mean 15.365 5.396667 
Variance 32.63858 11.00304 
Observations 60 60 
Ha B>C 
df 118 
tStat 11.6882 
t Critical one-tail 1.647508725 
Result t Stat>t critical reject Ho 
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PS t-tests (Draft Angle) 
0e - 3° draft angle 
0°(A) 3° (B) 
Mean 11.40444 6.972222 
Variance 47.72942 21.14135 
Observations 90 90 
Ha A>B 
df 178 
tStat 5.066701 
t Critical one-tail 1.644854 
Result t Stat>t critical reject Ho 
PS t-tests (Depth) 
0.6 inches- 0.9 inches 
0.3 in (A) 0.6 in (B) 
Mean 6.066667 7.455 
Variance 20.43514 25.0076 
Observations 60 60 
Ha B>A 
df 118 
tStat 1.595281 
t Critical one-tail 1.647508725 
Result t Stat>t critical Not reject Ho 
0.3 inches- 0.9 inches 
0.3 in (A) 0.9 in (C) 
Mean 6.066667 14.04333 
Variance 20.43514 36.49436 
Observations 60 60 
Ha C>A 
df 118 
t Stat 8.188953 
t Critical one-tail 1.647508725 
Result t Stat>t critical reject Ho 
0.6 inches- 0.9 inches 
0.6 in (B) 0.9 in (C) 
Mean 7.455 14.04333 
Variance 25.0076 36.49436 
Observations 60 60 
Ha C>B 
df 118 
tStat 6.507388 
t Critical one-tail 1.647508725 
Result tStat>t critical reject Ho 
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PU t-tMts (Coating) 
Uncoated and Coated-
unpolished 
Uncoated (A) Coated unpolished (B) 
Mean 7.86 17.38167 
Variance 16.34753 23.43 
Observations 60 60 
Ha B>A 
df 118 
tStat 11.69418 
t Critical one-tail 1.647508725 
Result t Stat>t critical reject Ho 
Uncoated and Coated-
polished 
Uncoated (A) Coated polished (C) 
Mean 7.86 6.168333 
Variance 16.34753 11.07745 
Observations 60 60 
Ha A>C 
df 118 
tStat 2.502173 
t Critical one-tail 1.647508725 
Result t Stat>t critical reject Ho 
Coated-unpolished and 
Coated-polished 
Coated unpolished (B) Coated polished (C) 
Mean 17.38167 6.168333 
Variance 23.43 11.07745 
Observations 60 60 
Ha B>C 
df 118 
tStat 14.78611 
t Critical one-tail 1.647508725 
Result t Stat>t critical reject Ho 
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PU t-tests (Draft Angle) 
0° - 3° draft angle 
0°(A) 3°(B) 
Mean 12.23889 8.701111 
Variance 49.57971 27.07741 
Observations 90 90 
Ha A>B 
df 178 
tStat 3.833324 
t Critical one-tail 1.644854 
Result t Stat>t critical reject Ho 
PU t-tests (Depth) 
0.6 inches- 0.9 inches 
0.3 in (A) 0.6 in (B) 
Mean 6.625 9.791667 
Variance 24.83411 27.99366 
Observations 60 60 
Ha B>A 
df 118 
tStat 3.374791 
t Critical one-tail 1.647508725 
Result t Stat>t critical reject Ho 
0.3 inches- 0.9 inches 
0.3 in (A) 0.9 in (C) 
Mean 6.625 14.99333 
Variance 24.83411 36.04368 
Observations 60 60 
Ha C>A 
df 118 
tStat 8.307783 
t Critical one-tail 1.647508725 
Result t Stat>t critical reject Ho 
0.6 inches- 0.9 inches 
0.6 in (B) 0.9 in (C) 
Mean 9.791667 14.99333 
Variance 27.99366 36.04368 
Observations 60 60 
Ha C>B 
df 118 
tStat 5.035023 
t Critical one-tail 1.647508725 
Result t Stat>t critical reject Ho 
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